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IN'I'RODUCT ION 
The Project 
Project 1011, ent i tled "The Utilization of Aluminum and 
Aluminum Products in J:arm Buildin[-:s and Equi pment" , was 
initiated at the Iowa Agricultural Experiment Station on 
March 1, 1947 . Research in this project has cont i nued to the 
pr esent . The active interes t and financial supoor t by the 
Aluminum Company of America has made this possible . 
Justification 
The story of aluminum a s a connnercial metal started in 
1886 when Charles Martin Hall succeeded in producing aluminum 
by the e lectrolyt ic fission of aluminum oxide . The story 
continued with the orc anization, in 1088 , of the Pittsburgh 
Reduction Company which was r enamed, in 19 07 , the Aluminum 
Company of America . F1or many years this was the only comoany 
manui'act uring aluminum i n America ; the growth of this 
company was s ynonymous with the growth of the a lumi num in-
dustry in America (5 ) . * 
Early markets were hard to find but lower priced 
*Numbers in parenthesis refer to references in the 
bibliography. 
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altL~inum , new inventions , and technoloric~l advances continued 
to open new fields for the wonder metal as it was often 
called. The f irst l arre outlet 1or aluminum was in the manu-
factur e of k i tchen utensils. Today it would be imnossible t o 
list all the uses of aluminum. A f'ew o:t· its important uses 
are : in aircrar t , in ships , in railroad ~~rs , in transport 
trucks , in internal combustion entines , in many types of 
instruments and tools , in e lectric transmiss ion wire , and i n 
aluminum fo il as a preservative wra Qping and as an insula~or . 
Its use as a structural materia l in far m buil dings is r ec ent , 
dating from the end of World War II . It is a r r~wing fie ld, 
one whose potentialities are not belnt overlooked by the 
alumi num indus try . 
Durin.:, \lorld War I I the production o1 a luminum sheets 
increased enormously to meet the demands 01· the aircraft 
industry ana the military forces . Firurc 1 shows the magni -
tude of the expansion by the aluminum industry in this perlod . 
At the war ' s end large stocks of a luminum sheets were turned 
back to the c ompanies anc r urtner orders were cancelled. 
The aluminum companies with these l ur 6 e stocks on hand, and 
with increa sed production capacity, faced the problem of 
f'indiI1£ new mar kets i'or ~heir procluct or cutting back pro-
duction. The roofi ng and siding of farm buildinLs presented 
a larfe fi eld in which alumintL~ could be used, and a 
vigorous s a l es campaign was directed t oward this market . 
Early farm acceptance was 1ollowod by unforeseen t r oubl es , 
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then sales r esistance . 
The aluminum sheets rolled for the military f orces during 
the war were made as thin as pos sible without impairing their 
serviceability . ~his was done to conserve aluminum and to 
reduce shipping space . 'lhey were intended for use in barracks 
a nd other structures in various parts of the world. The life 
expectancy of these structures was short , and when t hey ha d 
served their purpose they were expendable . However , on farm 
buildings t he opposite is true . A metal roofing material is 
expected to serve satisfactorily for 10, 15, or even 20 years. 
When roofing sheets manufact u r ed to these militar y 
standards were sold to the farmers trouble was inevitable . 
Method of application proved to be one of the diffi -
culties . It was assumed that what was satisfacLory for steel 
r oofi n['.; woul d be satisfactory f or aluminum . It was found 
that aluminum sheets requir ed careful handling to orevent damage . 
The metal was not only more ducti l e , but more subjec t 
to tearing . Pi gure 2 s hows how nai l heads pulled 
through aluminum siding . Was this due to careless driving ? 
Serious wind damage has occurred . Was this due to insuf'fi -
c ient naili ng , wrong nails , or t oo thin sheets? The re-
quired specifications were not known . 
It was assumed that aluminum sheets 0 . 019 i nches thick 
would require 700 years to corrode when exoosed to the atmos -
phere , yet numerous unexplained cases of corrosion have been 
reported. It was as sumed that aluminum sheets 0 . 019 inches 
1938 193959401941 1942 1943194419451946194719481949 1950
I, Production of Aluminum in the United States
(eetimate ty U« S* Bureau of Mines)
Pig, 2, Corrugated Aluminum Siding Punctured "by Kail Heads
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thick placed over r oo1' suoports at a c: i ven spacing would sup-
t>ort the loads expected on the roof , but several of these 
roofs have been punctured and conpl etel y ruined by severe 
hail storms . 'l'he type oi' sheet required for farm buildin[. s 
was not known . 
'lhe research carried out at Im..ra Agricultural Exper iment 
Station has been directed toward r'inding these answers . boyd 
and ~obison have studied the withdrawal resistance of' roofing 
nails ; Kunze studied tne resistance of aluminum sheets to 
rupture by nail heads ; Pandya studied the effects of tempera-
ture chan, es ; qodr es worlced on the lap requirements of cor-
rugated roofiflb . The conclusions reached by these workers is 
covered in the Review of Li terature . ~heir contributions pro-
vide some answers where there were none before . This 
project is an attempt to determine some of the flexural 
properties of corrugated aluminum roofing . These pr operties 
are not known at present and must be known before any method 
of application can be recommended with conlidence . 
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REVIEW OF LITERATURE
Aluminum as a Roofing Material
A roof consists of a framework which supports some type
of roofing material. Different types of roofing materials
require different types of framework for support. In all
cases the function of the roofing material is to exclude the
weather--rain, snow, wind and sometimes the outside tempera
ture—from the interior of the structure in order to protect
the animals, equipment, or produce stored within the structure,
Dale (7, P» 168) has enumerated the desired features of
an ideal roofing material and has shown how closely aluminiom
roofing can approach this ideal*
1. Resistance to fire: aluminum roofing
will prevent fire caused by sparks; it will not
burn unless heated to extremely high tempera
tures; when securely grounded,•.it offers ample
protection from lightning,
2, Structural adaptability and stability:
being of light weight material corrugated alumimom
sheets do not require as heavy framing as is
needed by most roofing materials. There are some
complaints that aluminum roofing is sometimes dif
ficult to hold in place under windy conditions.
Of course all roofing materials must be securely
anchored and aluminum is no exception* In many
cases wind damage can be blamed on too few nails.
In others too short a nail was used in apT)lying
ali^minum over old, weather decayed shingles,
3* Resistance to water and the passage of
water vapors: aluminum is impervious to water
or water vapor.
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4. Ease of application : aluminum roofing 
can be l aid ~ithout skilled labor with r egular 
carpenter ' s tools . 
5. Low f irst cost , low maintenance expense , 
and long life : aluminum roof ing cost very lit t le 
more than most other roofing materials and is 
lower in cost than some ••• • Aluminum roofing has 
a low maintenance cost . It requires no painting 
to protect it from corrosion and it does not rust . 
As for long life it may outlast the useful life 
of t he building itself. 
6 . Insulating properties : aluminum roof ing , 
due to its high reflective value , probably has 
more insulating value than any othe r roofing 
material •••• aluminum covered buildings are cooler 
in the summer than buildings covered with other 
types of materials . 
7. Good appearance : a well- laid aluminum 
roof has a good appearance which will last in-
definit ely. 
From the fore - going quotation it is evident that alumi -
num can be a very satisfactory roof ing mater i a l if fabrica ted 
in the most sa t isfactory form and applied in a satisfactory 
manner . This research provides some of the answers which are 
required before these objectives can be reached. 
Economics of Aluminum Roofing 
The cost of a roof is of interest to any builder . If 
there is a decided a dvantage in f avor of any one t ype of 
roof c onstruction, that type of construction will be popul ar . 
Dale (8 ) conducted an investigation of t he cost of roofing 
farm buildings in Iowa . In obtaining the overall cost he 
considered the cost of the roof deck, roofing materials , 
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roofing nails, sheathing nails, and labor. The only aluminum
considered in this work was 26 gage corru£:ated aluminijra roof
ing. The results obtained for this rool'ing are of interest
and are shown in the following table.
Table 1, Breakdown of Roof Cost per Square
"Roof deck
Roofing
roofing
and
nails
Roof deck, sheath
ing nails,
and labor
Total
cost
Type Dollars Per cent
of total
Dollars Per cent
of total
Dollars
Solid 11.51 35a 21.27 6i;.9 32.78
2xi|-12" o.c. 11.51 il.7.1 12.91+ 52.9 2^.11.5
2z2-l8" o.c. 11.51 5iL.i!. 9.63 1;5.6 21.1i|.
2x[}.-2i4." o.c. 11.51 59.2 7.93 i)-0.8 19.)^ii.
The preceding table shows that while the percentage of
total cost attributed to the roofing material increases the
total cost of the roof decreases. In fact the only roof
lower in total cost than aluminum over 2x1^ roof supports on
2ij.-inch centers was corrugated steel over the same roof deck.
As stated previously the longer life expectancy and lower
maintenance costs of the aluminum roofing may make the cor
rugated aluminum roofing a more economical roof over a period
of years. Table 1 also indicates that a heavier gage
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alutalniun which could be placed over roof supports 3 feet or
even I4. feet apart would probably not cost more than the 26
gage aluminxam over roof supports 2 feet apart* The saving in
roof decking would offset the increased cost of the alimiinura
roofing. The heavier gage roofing vfould provide the follow
ing advantages.
1. Stronger sheets would be less subject to
physical damage by livestock and machinery.
2. Stronger sheets would be less subject to
damage in handling, could be handled more
rapidly and thus save labor.
3« Thicker sheets would not be ruptured easily
by nail heads, hence they would be less
susceptible to wind damage.
ll. Greater thickness would provide added re
sistance to corrosion.
5. Sale of heavier sheets would benefit the manu
facturer of aluminum who is not interested in
selling lumber for the roof deck.
Wind Pressures on Structures
Normal atmospheric pressure is 14.7 psi. This amounts
to over a ton per square foot which is acting on all struc
tures on the earth. This pressure does not affect the
stability of a structure since it is equal on each side of a
- 9 -
board or on the inside and outside of a bullding . When wind 
strikes a buil ding the equilibrium 01' these forces is upset . 
'lhe magnitude of the wind loads , compared to the atmospheric 
pressure may be small , but when applied over large surfaces of 
lightwei£ht structures (farm buildings) their effect is very 
i moortant . The action ot the wind loads will be uositive , in-
creasinB the atmospheric load in places , and ne gative , decreas -
ing the atmospheric load, in other places on the same struc -
ture . 
In the past , only the positive wind loads wer e considered 
in building design . Even today t his remains t he same in the 
design of many types of structures . This is possible because 
of a high factor of saf'ety and because the dead load of the roof 
counteracts the n egative force of the wind load . In farm 
buildings this cannot apply, as a lower factor of safety is 
used and lightweight structures predomina te . 
A generally accepted f ormula (1 8 ) f or the pre s sure exerted 
by wind on a surface normal to the oirection of the wi nd is : 
p = 1/2 
where P = vel ocity pressure in pounds Der square foot , 
W air density in pounds ner cubic foot , 
V = true wind velocity in miles per hour . 
W = 1 . 3253 B 
T 
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where B = Barometer reading , inches 01 mercur y , 
T = Absolute temperature , 459 . 6 + t Fahrenheit , 
1. 3253 l bs . = Weight of 4596 cubic feet of air at 
o° F and 1 in. mercury . 
For larg e surfaces, such as the side of a barn nor mal to 
the wind , only part of the surface is subjected to the force 
calculated by this formul a . The air flowing parallel to the 
surface in attempting to Let around the obstacle reduces the 
static pressure , thus reducing the effective ure ssure of the 
wind . This fl owing action of the air also causes negative 
wi nd pressures on surfaces parallel to the direction of the 
wind and on sloping r oof sections . This has be en known for 
some time by aircraft designers but has been investigated 
only recently i n its relation to farm structures . 
The early workers in the study of ne Lative wind pres -
sures were Constanzi (1912) , Eiffel (1914 ) , Sn1ith (1914) , 
Dryden and Hi ll (1925 ) , Arnstein (1927) . Some of their re-
sults are mentioned by Sylvester (16) i n a Master ' s Thesis 
at Rensselaer Polytechnic Institute . These men were work ing 
on airship hangars which were very susceptible to wind dam-
ag e . They worked with models and with actual buildinLs and 
produced the following r esults : 
1 . Wi nd pressure produces a lift i ne (ne~at ive force ) on 
over half o f any building . 
2 . The pressures on actual buil dings can be dete rmined 
from the pr essures obtained on models in the laboratory with 
- 11-
suffi cient accuracy ror design purposes . 
3 . Negative f orces are r reatest at s har p corners . Round-
ing the corners reduces the ne~ ative pressures . 1his l ed to 
the use of semi- circular and inverted cat enar y types o f' struc-
tures for airship hangars . 
4. Ne r ative f oreces equal to the positive wind fo rc es 
will be found in the best desi rned buildinc . 
5. Accurate predictions cannot be m~de for any type of 
building wi thout running a ctual t ests on the building or a 
model of it . 
Applicat ion of this work to farm structur e s has been 
carried out by Penton and Otis (11) , who investigated the 
pressur es set up by wind action on three types of farm barns . 
Nodels wi t h garnbrel roof , gable roo f' , and r;othic r oof , 
representing barns 36 feet by 60 feet were t e sted in a wind 
tunnel with a cross - sectional a r ea of 143 square feet . Each 
model was t e sted in three positions , with the wind at 90 
degrees to the side , 90 degrees to the end, and at L~5 degr ees 
to the side . Pressure readings were photographically re -
corded f r om multiple manometer panels . 
Fi gure 3 snows the pr essures set up in the gambrel r oof 
barn with the wind blowing per pendlcular to one side and 
per pendicular to one end . The gambrel roof is s hown becaus e 
it presents the most extreme values of any o f the roofs 
investicated . Pressures are indicated by coefficients . 'Ihe 
actual pressure is the product of t he velocity pr essure 
-12-
GENTER SEC T ION SECTI ON 4 F T FROM ENO 
WIN 0 PE RPENOI GU L AR T O SIDE 
CENTER SE CTION SECTION 4FT. FROM END 
WIND PERPENDICULAR T O ENO 
Figa 3. Wind pressure on a gambrel roof ba.rn 
taken from ienton and Otis 
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(derived from the formula) and the pressure coefficient . 
It will be noticed that negative pressures as great as 
1 . 3 times the velocity pressure are developed on the upper 
roof panel with the wind perpendicular to the side and pres -
sures almost equal to the velocity pressure are developed on 
the lower roof panels with the wind perpendicular to the end. 
When a barn door facing the wind is left open the velocity 
pressure of the wind enters and acts outward with equal 
force normal to all surfaces . This changes all coefficients 
by the factor - 1 . 0, making the maximum negative force co -
efficient -2. 3 with the wind perpendicular to the side and 
- 1 . 9 when perpendicular to the end . 
As it is quite possible that doors could be left open 
through accident or carelessness , it is necessary that 
aluminum roofing should be fastened securely under all con-
ditions . This means that fastenings must be designed to 
resist twice the velocity pressure of the wind over the 
entire roof with extra fastening at the break in a gambrel 
roof . 
Since the velocity pressure varies as the square of the 
wind velocity, a design velocity must be determined . Wind 
velocities have been recorded in Iowa in excess of 100 miles 
per hour. This velocity exerts a pressure of over 30 pounds 
per square foot . This figure agrees closely with the wind 
map published in Building Materials and Structures Report 
-14-
BMS 109 (18) which gives a maximum velocity pressure of 33 
pounds per square foot in western Iowa , eastern Nebraska , and 
southeastern South Dakota . 'Therefore , ne£,ative wind pres -
sures of 70 pounds per square foo t are possible in the mid-
western area , and roofing materials should be fastened to 
withstand this pressure . 
Rupture Resistance of Aluminum Sheets 
Kunze (13 ), in 1950- 51 , initiated some work on the re -
sistance of various aluminum sheets to ruoture by nail heads . 
de ~ested four types of aluminum sheet with 16 nails in a 
statistically pl anned exoeriment . His resul ts are shown in 
the bar graoh in Fi gure 4 . The sheets tested were : 
1 . Flat sheet , 0 . 032 inches thick , alloy Alclad 48- H 38 
2 . Flat sheet , 0 . 025 inches thick , alloy 3S- Hl4 
3. Ii'l at sheet , 0 . 020 inches thick , all oy 2S- Hl 8 
L~ . Corrugated sheet , 0 . 019 inches thick , alloy 
Al clad XB16S, corrueation spa cing 1 . 26 inches . 
The code number by which each nail is desie nated was 
devised by Kunze to show the characteristics of each nail . 
It is explained as follows : 
First digit refers to Material 
1 
2 
Aluminum 
Steel 
3 5 0 
300 
250 
200 
150 
100 
-15-
0 .0 3 2 IN FLAT SHEET 
50 
Ou.....1-...L-L--L..L--L..L...LJL-L...l..~--'---'-1.......::1=-1-::::-1---'-='7-L::-L...J..~ :--1-.I........:-'::-:'-:~-'-' 
2743 1744 1748 2111 2312 2418 2626 1214 
2733 2748 1734 17 38 2738 2525 2317 2217 
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Second refers to Bare head diameter
1 0».277 inches, small
2 0»28l inches, small
3 0»28L!. Inches, small
0»285 inches, small
5 0»3il-0 inches, large
6 0.3i[.5 inches, large
7 0»350 inches, large
Third dip;lt refers to Type of sealer
1 Lead encased head
2 Lead washer
3 Wedge synthetic washer
Plat synthetic washer
Fourth dipit refers to Shank diameter
1 0»133 inches
2 0»136 inches
3 0.136 inches
^ 0.1i}.6 inches
S 0«l50 inches
^ 0»l52 Inches
7 0»l6i; Inches
8 0.169 inches
Some of the conclusions reached by Kunze (I3, pp. 86-
90 are as follows;
-17-
(1) The flat synthetic washer proved to be the
best of all the washers tesxied.
(2) The conical point of nail 2111 must be
credited with superior performance of that nail.
(3) The large bare heads on aluminum nails are
too weak to be used effectively with the 0.032 inch
alurainum used in the tests.
(1^.) Lead from the lead washers and the lead en
cased heads, as wexl as the synthetic material of the
wedge shaped washers, acted as a wedge under the
nail head and aided the nail to induce ruptxire»
(5) All the nails tested show sufficient re
sistance to rupture to secure one square foot of
sheet metal roofing in a 100 mile an hour vrind.
P'urther information from the graphs might be stated as
follows:
1. Nails with large heads and flat synthetic washers
(lylllt-, 27[}.3, 27i|.8, 1714,8) are superior in all cases.
2. trails with wedge synthetic washers have the lowest
resistance to ruptiore in the corrugated sheet tested.
3* Trails with lead encased heads have low resistance to
rupture in all cases.
I|.. Hails with large heads and flat synthetic washers
have an average rupture resistance of 99-116 pounds in the
corrugated sheet.
Withdrawal Resistance of Roofing K'ails
A great deal of research has been directed towards the
holding power of different nails under various conditions.
Some pertinent facts from a discussion on wood fasteners in
the Wood Handbook (I7, p. II9) are:
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The force required to start the withdrawal of a
nail in the direction of its length from a piece
of wood is intimately related to the density or
specific gravity of the piece and to the depth of
penetration, ftirthermore, the holding power for a
given depth of penetration generally varies
directly with the diameter of the nail when the
nail is not of a size to cause evident splitting.
If nails are driven into green wood and seasoning
takes place before they are pulled, most types of
nails lose a large part of their holding power.
A zinc coating is given to nails primarily to pre
vent their corrosion. If the coating is evenly
applied it may increase the resistance to with
drawal but extreme irregularities of the coating
may actually reduce the holding power#
In some designs the shanks of nails are varied..
There are barbed, longitudinally grooved, spirally
grooved, square, and triangular forms, all of
which except the barbed nail give higher resistance
to withdrawal under all moisture conditions than
does the plain nail.
An investigation by G-iese and Henderson (12, p. 529)
of the effectiveness of roofing nails confirms the preced-
ing and adds:
Screw shank nails driven into wet wood improve in
perfonuance if the wood is subsequently diied»
In order to attain maximum effectiveness, screw
shank nails must turn freely when driven and re
frain from turning when extracted.
Ihe periormance of screw shank nails was improved
by serrating the upper edge of the thread.
The ring shank nail was relatively unaffected by
changes in moisture content of the wood.
When ring shank nails are driven through metal in
fastening metal building sheets, the rings are
damaged and performance of tne nail is impaired
by approximately 25 per cent.
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The chief advantage of processed nails lies in
their ability to retain or improve their with
drawal resistance under changes in the moisture
content of the wood.
Creeping of nails from asphalt roofing; and from
boxes shows that internal forces are probably
of major importance. It appears that ring shanl<
nails will not creep.
Extensive research has been carried out by Boyd and
Robison into the withdrawal resistance of a large number of
roofing nails ;inder varying moisture conditions. Both in
vestigators worked with the same nail group. Some of Boyd'a
conclusions are (Lj., p. 118):
Ring shanlc nails are significantly superior to all
plain and barb shank nails. Little ciaange in
withdrawal resistance can be associated with
changes in moisture content (of the wood).
Combination shank nails perform similarly to ring
shank nails.
Screw shank nails with shorter leads tend to in
crease in withdrawal resistance as the moisture
content decreases. Those with longer leads per
form like plain shank nails.
Based on withdrawal resistance, deflection, and
driving characteristics, ring shank and combina
tion shank nails appear superior, with some screw
shank nails also performing satisfactorily.
Robison continued testing through a larger number of
moisture cycles. Nails were driven Into Douglas Fir at
approximately 7, llj., and 21 per cent moisture content. The
wood vras subjected to three complete moisture cycles within
the above range. Some nails were pulled at each of the
three stages in each cycle. From the results obtained
Robison (15, p. 128) reached, in part, these conclusions:
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All aluminun1 nails show a t radual decrease in with-
drawal resistance between the second moisture cycle 
and the final withdrawal , 
Failures of nail heads is significant in deformed 
shank aluminum nails havinc the common head type . 
Galvanized steel nails or aluminum rinc or combina-
tion shank nails should be used for least splitting . 
The results which Robison obtained with 16 nails t ested 
in both one - i nc h and two - inch ~ouglas ~ir are shown in 
F·igure 5 and Figure 6 . The averar:e resistance to withdrawal 
was determined at each stage in each cycle . .t<'igure 5 shows the 
minimum resistance to withdrawal . Robison cont ended 
that it was impossible to foretell when a maximum load would 
occur , that maximum demand mi ght be placed on the nail when 
withdrawal resistance was a minimtun . Therefore , these mini -
mum resistances are the limiting or critical values . 
On the other hand , some nails reach a minimum at one 
particular moisture content in one particular cycle a nd 
never reach this minimum value again . ~or example , the 
plain shank gal vanized s tee 1 nails driven at ll~ per cent 
moi sture r each their minimum in the first cycle when the 
wood is dried to 7 per cent moisture . These nails never 
again reach this low value . To judge the effectiveness of 
these nails by their minimum performance does not give a true 
picture . It is felt that the averag e resist ·ince to with-
dr awal of all the nails pulled at each stae e in each cycle 
would present a more accurate description o f each nail's 
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merits . Pigure 2 pr es ents these o.verace withdrawal resist -
Rnces for each nail . It will be noted that performance in 
two - inch and one- inch material is closely related in Figure 
2 . Nails 4076 , 3079 , 3117, 2613 , 2410,do not maintain this 
same order in both thicknesses of wood . However , ther e is 
little s i r,ni f icant difference in per formanc e among these 
nail s , which ma.1..ces t his a pparent discrepancy uni.Mportant . 
The same can be said for nails 1~3 , 7012 , 6015 . With the 
exceptions noted the per for mance in one- i ncn wood is pro-
portional ~o that in two- i nch wood . The average increase in 
withdrawal r es is tance fr om two - inch wood c ompar ed to one-
inch wood is 45 per cent . The first eight nails show an 
increas e in withdr awal r esistance of 49 per cent when driven 
in two- inch wood . The l as t six increase by only 36 per cent 
when driven into two- inch wood. 
The firs t eight nails per formed significantly better than 
the last eight . In order to show the di fferences among t hese 
nails a description of the nail identii'ication code is pre -
sented. The first digit refers to shank type as fol l ows : 
1 - Plain or bar b shank 
2 - Ring shank 
3 Combination ring and screw 
4 - Sc r ew shanl~ with 4 threads 
5 - Screw shank with 5 threads 
6 - Screw shank with 6 threads 
7 - Screw shank with 7 t hreads 
shank 
-21^.-
The second digit refers to shank diameter. The numbers run
from 0 to 9, with 0 denoting the smallest diameter A/ithin any
shank type*
The third digit denotes material, surface and point as
follows:
1 - Aluminum, plain surface, diamond point
2 - Aluminum, etched surface, diamond point
5 - Aluminum, Alrolc surface, diamond point
7 - Steel, galvanized surface, diamond point
The fourth dip;it identifies pitch for screv; shanl-c or
rings per inch for rin^ shank nails.
Fourth diRit Pitch Hings/inch
2 0.1]|0 to 0,159
3 22
5 0,200 to 0,219
6 0,220 to 0,239
7 0,2ii,0 to 0,259 17
9 0,280 to 0.299 19
0 0,300 to 0,320 20
Figure 6 shows that in the two-inch wood the four steel
nails occupy the four top places. In the one-inch wood, nails
k076 and 3079 move to positions six and seven. As mentioned
before there is little significant difference among the better
aluminum nails. This could account for the superiority of
the steel nails in the two-inch wood. It can be noted also
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that with the ring shank nails withdrawal resistance varies
directly with the diameter with little to choose between nails
2613 and 2[|.10« The best aluminum nails in order of greatest
resistance are combination shanlc, ring shank, screw shank,
and plain shank. The best steel nail was a screw shank
nail, followed by 2977# a ring shanlc nail» From the data
available it can be said Tor steel nails that some screw
shank nails are as effective as the ring shank and combination
shank nails.
In designing from the data in Figure 5 and Figure 6 a
factor of safety must be employed. This is a necessary al
lowance for boards splitting, non-homogeneity of the wood,
nails missing the wood entirely, and a general loss in
withdrawal resistance over a period of years. As values in
Figure 6 are up to $0 per cent larger than those in Figure 1,
a proportionally larger F. S. should be used with Figure 6
to give approximately equivalent results.
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THE Iir/ESTIGATION
Objectives
This investigation was conducted to reach the following
objectives:
1. To determine the flexural properties of the cor
rugated aluminum roofing sheets which are available,
2. To determine the amount of restraint provided by
nailing the roofing to 2x[|. roof supports#
3. To determine the maximum safe spacing of roof
supports with each type of corrugation#
k. To secure information which will indicate which
type of roofing is to be preferred for use on farm buildings.
5. To secure information which, when combined with the
results of other investigations, will make it possible to
recommend a method of application for aluminum roofing based
on facts.
Analysis of Forces on Aluminum Roofing
Corrugated aluminum roofing, when applied to barns, is
commonly lastened to 2xii.-inGh roof supports. The recommended
spacing of these supports varies with the gage of the alum
inum, the pitch and depth of the corrugations, and the design
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loads on the roofing. The size of the roof supports, 2xi4.-
inch, is the smallest standard size of liimber which provides
sufficient rigidity between rafters and sufficient depth of
penetration for nailing# The fasteners used are generally
roofing nails of varying holding capacities.
The forces applied to the roof when in place arej the
weight of the roofing itself, snow loads, wind loads, thermal
expansion and contraction stresses. Of these the weight of
the roofing is negligible, being in the ranf^e of 0*5 p.s.f.
Snow load varies with climatic regions and may reach I4.0 p.s.f.
on relatively flat roofs in areas of heavy snowfall. Wind
load is most critical when negative wind pressures are con
sidered, These may reach 70 p.s.f. Thermal stresses are not
critical, Pandya (li[.) found that dimensional changes due to
temperature changes may cause the roofing nails to bend a little,
but not enough to cause buckling.
In this work it is assianed that aluminum roofing should
be designed to withstand a positive pressure of 50 p.s.f, and
that sufficient nails should be used to hold the roofing
securely in place when exposed to a nagative pressure of 70
p.s.f.
Materials Tested
Four different types of corrugated aluminum roofing were
tested. These were given code numbers as shown in Table 2.
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Table 2* Code Number and Description of Corrugation
Code
number
Thickness
of sheet Depth
Corru/3;ation
Pitch
inch inch Inch
1 0.019 0.375 1.26
2 0.019 0.500 2.67
3 0.02I4. 0.500 2.67
0.032 0.875 2.67
An attempt was made to secure all these sheets in the
3am.e alloy and temper. This attempt was not successful.
Correspondence with the Alumintim Company of America (2) re
vealed that the material 0.019 inch and 0.02ii. inch thick was
alloy Alclad XBl6s-P having a yield strength of 35,000 p.s.i.
and an ultimate strength of 37*000 p.s.i. Material 0.032
inch thick was alloy Alclad liS-H 16 with a yield strength of
3?j000 p.s.i. and an ultimate strength of [[.0,000 p.s.i.
These values are the specified minimum to which the mill works
for these particular alloys.
To achieve the objectives of this study panels were con
structed in which the corrugated aluminum extended continu
ously over three equal spans. The purpose of this was to
simulate the actual conditions of a roof and to determine the
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continuous action in bending. Three spans were used because
the center span would be typical of all spans in which the
roofing was continuous over the supports, and the end spans
would be typical of all end spans in an actual roof.
Three different span lengths were used in order to de
termine the degree of restraint offered by svipports at various
spacing and to aid in detennining the maximum safe spacing of
supports for the various corrugations* The actual spacing
used was 1 foot, 2 feet, and 3 feet center to center. A
simplified nomenclature was adopted describing the panels by
corrugation number from Table 2 and span length of roof sup
ports. Thus, Panel 3-2 refers to corrugation 3 (0.02li. inch
thick, 0.$00 inch depth, 2.67 inches pitch) placed over roof
supports 2 feet on center.
Apparatus
In testing, equal concentrated loads were applied at the
center of each span and unit strains and deflections were re
corded. Concentrated loads were used because of their ease
of application and control. Unit strains v;ere measured by
electrical strain gages and Indicating equipment which were
available in the Agricultural Engineering Department. Type
A-1 SH-I4. strain gages were used. The indicating instrument
was an SR-I4. Model "k" Portable Strain Indicator manufactured
by the Ealdwin-Lima-Hamilton Corp., Philadelphia, Pa, This
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equipment is very sensitive and extremely accurate. Unit
strains are measured in micro-inches per inch. There is no
reason to doubt the accuracy or reliability of the instru
ments. However, there is a possibility of measuring false
strains from gages damaged during or after attachment to the
test panel, and from ga^es not thoroughly cemented to the
panel, it is impossible to tell in all cases v/hether a strain
gage is perfectly attached. However, great care was taken,
and any gages which appeared not completely cemented to the
aluminum, and any gages which were suspected of being damaged
were replaced before testing.
In the final tests the lead wires were routed through a
Twelve Channel SR-i{. Bridge Balancing Unit, also manufactured
by the Baldwin Locomotive Works. This greatly simplified th.e
work by eliminating the necessity of handling each pair of
leads from each strain gage individually for every reading.
Loads were applied by the use of the Bulfalo Scale, The
arrangement used is shown by photograph and drai-zings in
Pigure 8 and Figure 9« Figure 6 shovrs one replication of
Panel 3-2 under test. Figure 9 shows the essential data of
the linkage which applied equal loads at the center of each
span. The linlcage was made adjustable so no dismantling was
necessary to test panels of different span lengths. Approx
imately 2 pounds of balancing weight were required on the
top (2x8) member. This weight was in the form of two steel
tl*s which could be moved to achieve balance. It was foimd
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Flgore 7* Arraogement of Squlpment in Prelimlnar7 Test
Figure S Apparatus Used In ?lnal Tests
2"x4" ROOF
SUPPORTS -
2"x 8
'/4" ROUND
3/16 X2'/2" BAR
END ELEVATION
BASE SUPPORT
ON SCALE
2%4"RAFTER
CORRUGATED
SHEET —7
SIDE ELEVATION
(SCALE SUPPORTS NOT SHOWN)
FIG. 9 DETAILS OF LOAD APPLYING LINKAGE FOR STRESSING
CORRUGATED ALUMINUM SHEETS.
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•fchat by varying th© position of these weights the linkage could
be balanced for any of the three span lengths. The complete
weight of the linkage was pounds.
Deflections were measured by two dial gages placed in the
center and end spans. The dial gages were calibrated in
thousandths of an inch and had a range of 1.000 inch.
Statistical Planning
Dr. Bernard Ostle of the Department of Statistics, Iowa
State College, was consulted to set up the experiment on a
sound statistical basis. The following plan was adopted.
Variables consisted of four different corrugations and
three different span lengths, making a total of 12 combina
tions. A minim™ of four replications i-fas recoinraended which
meant that a total of i4.8 panels were tested. In the interests
of economy in the use of lumber 2l\. panels were constructed,
representing two of each combination. After these panels
were tested the aluminum was removed and new aluminum applied.
In this way each frame tsraa used twice. The panels were
numbered 1-214., and 25-1-1.8, in such a way that Panels 1, 2, 25
and 26 were the four replications of one combination.
The panels were randomized in each lot of 21|. and tested
in the random order. The purpose of randomization was to
minimize the effects of improved technique and other unfore
seen irregularities. The actual order of testing was;
-314.-
21, 17, 16, 1, 9, k. 7, 15, 23, 10, 14, 5, 2i|., 2, l8, 8, 3,
20, 22, 13, 12, 19, 6, 11, and 26, 39, tf2, lt.3, ItS, 37. 35,
31, 25, 30, k5. 33, 28, liO, 14.6, 3k, 27, 32, 36, 29, 38,
lv7, li-1.
Preliminary Tests
Preliminary tests were undertaken to determine the
probably action of the corrugated aluminum roofing under
load, to check the feasibility of the proposed tests, to
point out necessary changes in equipment and procedure, and
to gain practice in the use of electric strain gages and the
indicating instrument.
A test panel was constructed by nailing a strip of cor
rugated aluminum over four roof supports. The roofing
material was 0.019 inch thick with four corrugations of 2.67-
inch pitch and 0.5-inch depth. The roof supports were 2xi^—
inch. Douglas fir placed 3 feet on center. This provided
continuous bending action over three spans. The roofing was
secured by two nails, one in each outer corrugation, in each
roof support. During nailing the corrugated aluminum was
restrained to its original width of 10.67 inches. Careful
driving of the nails was necessary to prevent flattening of
the outer corrugations.
Fourteen Type A-1 electric strain gages were installed
and numbered as shown in Figure 10. Gages 7, 8, and 9 were
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placed on the bottom ol' the corrugated aluminum; all other
gages were placed on the top surface# All gages were placed
at extreme outer fibers in order to measure maximum strains.
Preparation of the surface consisted of scrubbing with fine
steel wool, wiping clean with a cloth, cleaning with a clean
cloth soalced with acetone. The strain gages were cemented
to the cleansed surface with Duco Cement, and held in place
with sponge rubber and a weight until the glue had set.
Some difficulty was encountered when the strain gaj^es moved
slightly as pressure was applied to the sponge rubber. This
movement could not be detected until the spong rubber was
removed# In no case was the moveraent considered sufficient
to Jeopardize any of the objectives of the preliminary test.
However, it was decided that in the final tests the strain
gages should be glued, then secured with scotch tape in the
exact location required before the sponge rubber and weight
were applied. The tape does not affect the action of the
strain gages and can be left in place.
Lead wires of ITo. 18 gage solid copper Insulated with
enamel and a cotton wrapping were soldered to the strain gage
leads. At approximately 6 inches from the gage the lead wires
were fastened to the panel with scotch tape. The purpose of
this was to prevent erratic strain readings due to tension in
the lead wires. The care with which these wires must be
handled, the large number of times they must be connected to
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and disconnected from the recording InstjTument, and the manage'
ment problem presented by 26 wires hanging from the panel,
showed the need for a switch box to which all the leads could
be attached# This would allow readings to be made by switch
ing each strain gage in turn to the recording instrument,
thus eliminating the handling of wires. Unfortunately, the
switch was not available for the preliminary test»
The reason for using such a large number, 12;, of strain
gages on the test panel was to get as complete a picture as
possible of the distribution of strains throughout the panel.
This informationi'as valuable in determining the number and
location of strain gages for the final test. Gage number
Ik was placed half-way between the point of load application
and the near edge of the adjacent roof support. It's purpose
was to determine whether the action of the corrugation under
load was typical flexural action or whether, at some point in
the loading, plate action occurred. As long as the loading
was resisted by flexural action the strains measured at gage
number Ik would be compressive strains, if plate action
occurred the entire section would be under tension.
For loading, the test panel was carefully levelled on a
supporting wood fi-amework. Loads were applied at the center
of the center span using lead weights suspended on a sling.
The load was transmitted to the corrugated aluminum by means
of a 1-inch diameter pipe. Apipe was used for this purpose
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in preference to an angle iron to avoid excessive crushing of
the relatively soft aluminum at the point of bearing. The pipe
provided theoretical knife edge contact at no load and as the
load increased the contact area automatically increased as re
quired without damaging the corrugations. The photograph in
Figure 7 shows the test panel at the time of testing.
Prior to loading all the strain gages vfere balanced with
the compensating gage and the exact instrument setting re
corded. The compensating gage was mounted on a piece of scrap
aluminum of the same thickness and with corrugations the same
size as those on the test panel. The leads from the com
pensating gage were made the same length as those from the
active gages. The primary purpose of the compensating gage
was to eliminate temperature effect on strain readings.
Being placed on identical material with that being tested,
both the active and compensating gages should be affected
identically by temperature changes. Hence, any differences
in strain indicated by the indicating instrument during the
test is a direct measure of the strain in the active gage,
the actual strain for a given load being the difference be-
tween the final instrwaent reading and the initial or balanc-
ing instrument reading.
Loads were applied in 20.pound increments. The weight
of the sling was 12 pounds andthe lead weights were in 10-
pound units. Consequently, loads recorded were; 22, i(2, 62,
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etc. The readings obtained are shown in Table 3. Loads were
increased to I4.2 pounds, reduced to zero, then increased till
the yield point was reached#
Observations and calculations
An inspection of the recorded strains in Table 3 shows
that the outer corrugations were not strained as much as the
inner corinigations. 'I'his was due to flattening of the outer
corrugations which became obvious by visual inspection. For
this reason the strains measured in the outer corrugations
over supports were rejected as not typical. In the strain
diagram shown in Figure 11 the values at each position were
derived as follows:
Position Value used
1 Gag© ITo. 1
2 Gage No. 2
3 Average of Cages I-Jo, [j. and 5
k Average of Gages No. 11 and 12
5 Gage Mo. 111.
6 Average of Gages No. 7, 8, and 9
The strain diagram shows a slightly curved relationship,
whereas the theory of flexure indicates that a straight line
i-elationshlp should exist, it must be pointed out that value
at Positions 2 and 5 were the readings of single strain gages,
not averages as were the values at other positions, and that
-Uo-
Table 3* Strains Measured in Preliminary Tests
Gage number
Load 1 2 3 5 6 7
Xbs. micro-inches per inch
20 0 0 0 0 0 0 0
22 0 120 170 220 21^.0 110 1^90
i^2 10 215 320 i|.10 il-lO 220 9i;0
0 0 0 0 0 0 0 0
22 15 100 111.5 215 220 110 11-70
k2 20 170 275 385 385 210 890
62 25 230 395 555 565 320 1285
82 35 300 570 795 770 395 18)4.0
Load
Gage nvunber
a 9 10 11 12 13 llj-
0 0 0 0 0 0 0 N.E.
22 550 520 210 190 180 160 N.H.
985 93© kio 390 365 330 W-R.
0 0 0 0 0 0 0 0
22 510 170 175 150 155 100
985 91^5 360 370 360 31J.5 200
62 ii|-5o Iii40 530 560 565 535 285
82 2000 1865 770 935 785 635 350
41
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FIG. II STRAIN DIAGRAM OF PRELIMINARY TEST
PANAL UNDER LOADS OF 22. 42, a 62 LBS.
STRAINS ARE MICRO-INCHES PER INCH.
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FIG. 12 LOAD-STRAIN CURVES OF PRELIMINARY TEST PANAL
AT POSITIONS 3 AND 6.
thls was a single test. It did indicate that tension existed
where tension was expected, and compression where compression
was expected* On this basis it is a conservative assumption
that this problem can be analyzed using the theory of flexure.
Figure 12 shows the load-strain curves for strain values
at Positions 3 and 6 in the strain diagram. The straight line
portion of these curves indicates the elastic action of the
corrugated aliauinun up to the yield point.
The Section liodulus for the section was calculated by the
formula:
S = PIi
itE (ei + 62)
where S = Section Modulus, in.
P = Total load, lbs.
Ii = Clear length between supports, in.
E = Modulus of Elasticity, p.s.i.
ei= Unit strain ixnder the load, in. per in.
02=' Unit strain at edge of support in center
span, in. per in.
Values obtained for each loading below the elastic limit
were:
22 lbs. - S = 0,0258
lbs. - S = 0.02511-
62 lbs. - S = 0.0251
Average S = 0.02511-
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Maximum stra:l.ns wet>e ret:,istered at the r>oint of applica-
tion of load. Maximum unit strain measured was 2 , 000 micro -
inches per inch. 
Results 01· preliPlinary test 
1 . The actioP of corrueated alumiPum sheets under load 
can be analyzed using the theory of f l exure . 
2 . Strain gages must be carefully placed and neld in 
position until the cement is set . 
3. Lead wires should be taped ric,idly near the strain 
gag9s to eliminate erTatic strain r eadin[s . 
4. switch panel should be used to elLminate the handl-
ing of individual leads . 
5. Strains are reasonably constant across interior cor-
rugations at any section . 
6 . Outer corrugations are not strained as much as inner 
corrugations . Wider panels were used in the final tests to 
minimize these edge effects . 
7. .J:t'ive strain ga.[es are suf'ficient to plot the strain 
diagrams for the final tests . 'l'hese are located as follows : 
a . At inner edge of one end roor· suu?)ort . 
b and c . At both edges of one inner roof support . 
d . At point of loaain£ of one end span. 
e . i t point of loadin£ of center s pan. 
Final Procedure
In the final test panels the aluminum sheets were made
15 corrugations of 1»26 inches (16.9 inches) wide and 7 cor
rugations of 2.67 (18»7 Inches) wide. This was in accordance
with the results of the preliminary test. Strain gages were
carefully attached at the previously located positions. The
gages were all kept at one end of thepanel to facilitate the
gathering of wires to one end where the indicating instrument
was located, and to eliminate the use of very long leads.
The loading being symmetrical, no advantage was seen in having
strain gages on both halves of the panel#
In testing, the panels were pieced aluminum down under
the scale. Two 2xi4.*s were carefully positioned and secured
on the floor under the scale. They served as guides in
centering the panels for the test and prevented the aluminum
from touching the floor which would have damaged the strain
gages. The panel was positioned and blocked to prevent move
ment. The pipes were placed in position for loading, and a
small amount of load applied. The dial gages were installed.
Lead wires were connected to the instriment. After a final
check of the position of the panel, the position of the pipes
at span centers, the functioning of the dial gages, and the
functioning of all the strain gages, the load on the scale
was reduced to 5o pounds and initial readings were recorded
for the dial gages and strain gages.
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Loads were increased In Increments of 6o pounds (three
equal loads of 20 pounds), 120 pounds, or 2ij.O pounds, depending
on the total load capacity of the panel. It was attempted to
have at least 5 increments and not more than 10 increments for
each panel. Loads were increased until a unit strain of ap
proximately 3*000 micro-inches per inch was indicated or until
the total load was 1,920 pounds on the panel. Unit strains
were proportional to the load increments in the lower ran^^e.
That made it relatively easy to choose the correct weight to
reach the desired strain in the required number of increments.
Xn all cases the weight shown by the scale was $Q pounds
more than the actual v/eight acting on the panel. That differ
ence represented the weight of the linlcage. Hence, to apply
120 pounds to the panel, 170 pounds was set on the scale, and
the load increased until the scale balanced at I70 pounds.
Unit strains at five positions on the sheet, and deflec
tion of the center and end spans were recorded at each incre
ment of load.
It was considered possible that the deflection of the
frames of the panels mi,sht be excessive. However, after the
panels were blocked in place the deflection was not sufficient
to loosen the blocks. From this it was concluded that the de
flection or the frame was neraigible and that the roof supports
did not move sufficiently to appreciably affect the strains
in the aluminum roofing.
-^6-
RESULTS
General
The averao^e results (of four replications) for each panel
are presented in Tables it. to 15. The values for unit strain
and deflection ijere reasonably consistent through the four
replications of each panel. However, no statistical analysis
was made.
Determination of Section Moduli
The Section Modulus of each corrue:ation was calculated
using the formula on page
S = PLI4E (©jl ®2)
The results for each panel are shown in Table I6, The Section
Modulus was calculated for each panel and the average value
for each corrugation was determined. P^om this average value
the Section Modulus per foot of corrugated sheet was derived.
Moment of Inertia was derived from the relationship:
Sc = I
where S = Section Modulus, in.^
c = Distance from neutral axis to outer fibers, in.
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Table k* Average Strains and Deflections Measured in Panel 1-1
Deflection
Load 1 2 3 5 Center End
lbs* micro-•inches per inch inches
0 0 0 0 0 0 0 0
120 379 12k. 99 20^ 0.0i(l). 0.110
2k0 -11^. 70k 219 259 k20 0.066 0.136
21^ 1131 k07 539 838 O.lOli- 0.175
720 98 l661| 638 820 1269 0.1II.3 0.213
960 179 2236 683 1106 1716 0.178 0.252
1200 271 2926 1193 1399 2195 0.211 0.29II.
Table 5- Average Strains and Deflections Measured in Panel 1-2
Load
Gage number
^ 3 f
Deflection
Center End
lbs. raicro-•inches ner inch inches
0 0 0 0 0 0 0 0
j320 216 651 kko 569 0.136 0.116
21|.0 396 1200 689 839 1072 0.23k. O.2I45
360 575 1762 14-39 1198 1572 0.337 0.365
il.80 730 2320 1805 2061|. 0.1|.37 0.I1.90
600 866 2931 2268 1862 z$kz 0.528 0.616
.1;8.
Table 6» Avera£;e Strains and Deflections Measured in Panel 1-3
Ga^re number Deflection
Load 1 2 3 Center End
lbs. micrO'-inches -oer inch inches
0 0 0 0 0 0 0 0
60 91 h39 k^s 286 310 0.190 0.226
120 2ii5 81^.9 811 571 762 0.362 O.Uit.2
180 372 1192 1132 776 1099 0.500 0.598
2IJ.0 1515 114-32 971 lk06 0.621J. 0.730
300 550 1829 1716 1138 1692 0.736 0.86l|.
360 ^3k- 2185 2022 1365 1981- 0.829 1.038
k^o 721 2555 2331 15711- 2281^ 0.969 - 1.216
1^60 862 2950 26k2 1793 251{.3 1.071 1.39i).
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Table 7* Averare Strains and Deflections ^'^easured in Panel 2-1
Gape nitftiber Deflection
Load 1 2 3 k 5 Center End
lbs. micro--inches per inch inches
0 0 0 0 0 0 0 0
2k.O -125 335 182 204 271 0.068 0.072
ii.60 -li|.9 6ii.9 355 356 515 0.102 0.097
720 -li^a 1016 525 519 792 0.13i|. 0.126
960 -122 111-32 719 696 nil 0.169 0.160
1200 - 99 1985 972 925 1522 0.208 0.202
llUl-O - 72 2926 1360 12I{.8 1778 0.25ii. 0.261
Table 8. Avera(;;e Strains and Deflections Measured in Panel 2-2
Load
e number Deflection
1 2 3 k 5 Center End
lbs • micro- inches per inch inches
0 0 0 0 0 0 0 0
120 -9 352 235 188 269 0.066 0.073
2ii.0 -9 675 500 391 518 0.101 0.116
360 1 1006 785 582 776 0.1I1.1 0.168
1^.80 18 I33I; 1072 779 1056 0.182 0.220
600 30 1728 1389 1010 1370 0.229 0.281
720 36 2182 1705 1260 1719 0.275 0.350
8ii.o 38 2939 206[|. l5i|-6 2138 0.328 0.1jJ).l
-50-
Table 9. kveTB.f:e Strains and Deflections Measured in Panel 2-3
Deflection
Load 1 2 3 k 5 Center End
lbs. micro--inches per inch inches
0 0 0 0 0 0 0 0
120 i^76 331 30k 386 0.086 0.196
2k0 9k 961^ 7I4-9 662 786 0.178 o.3k5
360 129 1^52 1190 1032 1190 0.278 o,k9k
1;80 160 2012 1611.8 11^.19 1600 0.386 0.614,9
600 186 271^8 2180 I8I1? 2082 o.?o$ 0.850
Table 10. Averap;e Strains and Deflections Measured in Panel 3-1
Deflection
Load 1 3 < Center End
lbs. micro -inches per inch inches
0 0 0 0 0 0 0 0
21^.0 k 221 -11 -1 211 0.063 0.061
ii.80 -20 k39 72 125 ^1^31 0.09If. 0.092
720 -72 695 188 269 652 0.122 0.121
960 -1^.8 1019 31i|.
CO
898 0.1i].6 O.II1.8
1200 -20 11^-21 1^62 606 1169 0.17k 0.177
W - 7 1933 Ii.93 767 1^1.2 0.211 0.209
1680 - 2 2583 738 1008 1773 0.21^1 0.2[l9
1920 20 3902 Illl-O 161^-7 2185 0.27i|. 0.310
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Table 11. Average Strains and Deflections Measured in Panel 3-2
Load
Gage number Deflection
3 ¥ Center End
lbs. micro -inches per inch inches
0 0 0 0 0 0 0 0
120 -28 212 100 125 76 0.060 0.09U
-25 281 321 2i|8 0.092 0.136
il.80 -15 9 Ik 726 725 701^ 0.168 0.229
720 22 1586 1219 1135 1185 0.210). 0.325
960 kx ^3kO 1776 1575 171^5 0.321 0.1(.26
1200 68 39 6 3 2562 2087 2i.L72 0.399 0.536
Table 12* Average Strains and Deflections Measured in Panel 3~3
DeflectionGage number
Load 1 2 3 5 Center End
lbs. micro-'inches per inch inches
0 0 0 0 0 0 0 0
120 9 395 228 239 225 0.126 0.186
2I1.O 30 809 585 51+0 559 0.206 0.316
360 5k 1231 961 811.2 898 0.298 O.I1-66
I16O 78 I67J-!- .i3hk. lllj.6 1255 0.388 0.552
600 102 21l!,6 1751 111-71 1632 0,l).8l 0.719
720 121^ 2710 2192 1825 2059 0.586 0.876
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Table 13» Avera^-e Strains and Deflections Measured in Panel I|.-l
DeflectionGage niunber
Load 1 2 3 k 5 Center End
lbs. micrO'-Inches per inch inches
0 0 0 0 0 0 0 0
2k0 - 68 190 -52 -2 100 0.038 O.Oii-l
il.80 - 89 281 -16 kk 162 0.062 0,056
720 -108 395 12 80 239 0.032 0.071
960 -12iv ij.99 ko 110 300 0.100 0.065
1200 -130 596 69 135 351 0.116 0.096
ikko '13h 686 95 162 i4.06 0.132 0.111
1680 -139 759 121 188 l!.60 0.11+7 0.12[j.
1920 -Ikl 860 151 216 51|5 0.162 0.136
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Table ll}.. Average Strains and DeXlections Measured In Panel I{.-2
Load
Ga^:- e mjmber Deflection
1 2 3 k 5 Center End
lbs* micro--inches 'oer inch inches
0 0 0 0 0 0 0 0
2i|.0 "32 251 180 218 171; 0.0511. 0.0^6
480 11-36 350 379 296 0.083 0.088
720 -59 620 515 535 I4.O6 0.113 0.120
960 -61 800 676 6Sk 513 O.lkl 0.11^.6
1200 -66 986 832 826 63i!- 0.168 0.177
-Ik 1178 989 968 758 0.190 0.2014.
1680 -76 1386 lli|.9 1108 881 O.Sli). 0.231).
1920 -75 leiij. 1315 12la 1020 O.2I1.O 0.270
2160 'Ik 1905 1512 II1.28 1188 0.268 0.302
-$k-
Table l5» Average Strains and Deflections Measured in Panel 1^-3
DeflectionGage number
Load 1 2 3 h 5 Center End
lbs. micro--inches per inch inolies
0 0 0 0 0 0 0 0
214.0 320 268 226 2i|.l 0.095 0.080
ij.50 25 608 559 i|-5o 0.1i|.7 O.liiij.
720 28 Q9k 6i<8 702 61})'. 0.199 • 0,211
960 31+ 1179 1130 91^.0 8ii.l 0.21j.8 0.278
1200 3k lii.82 IklS 1182 1039 0,297 0.3il-6
ikko 29 1811^ 1720 1^36 1258 0.31^-6 0.14.11
1680 29 2169. ^021 1695 lij.85 0.396 0.1I.85
1920 20 2609 2358 1966 1739 0.l\k9 0.557
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I = Moment or Inertia, in«^^
The value of £ was taken as one-half the depth of the corruga
tion.
Table 16. Section Moduli of Corrugated Aliaminum Sheets
Corruga Span of supports Average S I
tion 1 ft. 2 ft. 3 ft. S per ft. per ft.
in.^ in. 3 ln.3 ln.3 ln.3 in.'^
1 0.0236 0.0210 0.0276 0.02i4J. 0.0153 0.0029
2 0.0356 0.01+25 0.0k35 O.Oli.05 0.0260 0.0065
3 0.0502 0.0587 0.05611 0.0552 0.035U 0.0089
0.1660 0.1380 0.1i).10 0.1l|83 0.0952 0.0238
The Alcoa Structural Handbook (1) gives the value 0.097 in*-^
as the Section Modulus of corrugation i].. Wo values are avail'
able to check against corruj^ations 1, 2, and
Restraint at Roof Supports
The Moment Diagraj:iis in Figures 13, 1I|., 15, and 16 show
that there is some restraint at the roof supports; in other
words, some of the moment is going into the roof support.
Ameasure of this moment is possible directly from the Moment
-- EXP ER I MENTAL 
--- CALCULATED 
FIG. 13 MOMENT DIAGRAM OF PANEL 1-2 . 
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150 2 19 
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FIG. 16 MOMENT DIAGRAM FOR PANEL 4-2.
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Dlagram Tor. any £;;lven load. However, this is no help in
predicting the stresses if the loading conditions are changed.
A method of determining Distribution factors between the
roof supports and the roofing is presented. Distribution
Factors represent the amounts of fixed end moment which are
resisted by each member at a rigid joint when that Joint
is permitted to rotate. They range in magnitude from 0.0
to 1.0, and at any joint their sum. is always 1.0. The
detenuination of Distribution Factors is based on the Stiff
ness Ratios of the members making up the joint. For members
of constant Moment of Inertia the Stiffness Factor is denoted
by the ratio 1/l» Detailed information oan be obtained from
Prof. K. A. Caughey^s book Reinforced Concrete (6) or from
a number of other publications which present methods of
analysis of indeterminate sti*uctures. Knowing the Distribu
tion Bactors the stresses I'or any loading can be predicted.
In this analysis Moment Distribution methods are used with
the following assumptions.
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1. A roof support is replaced "by a vertical member with
both ends fixed, '-i-'his assumed member which replaces the roof
support has a Stiffness Ratio which allows it to receive the
same anioimt of moment as the roof support receives#
2» All the roof supports in each panel have equal
relative Stiffness Ratios.
3. All following discussion refers to a frame with
three equal spans, constant I'loment of Inertia throughout,
with equal concentrated loads applied at the center of each
span# References to chsinging the load or span length assume
that such changes are made on all three spans.
For any distribution the final moments are in a ratio
which is characteristic of that set of Distribution Factors.
If the load and/or span length are changed the final moments
obtained will change directly as the fixed end moments changed
but they (final moments) will maintain their characteristic
ratio to each other. If the Distribution Factors change due
to a change in the Stiffness Ratio of the roof supports, and
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everything else remains constant. It is possible to define the
relationship between the ratio of the final moments and the
Distribution Factors, The curve in rigiire 17 dexines this re
lationship. The conditions assumed in its construction are:
1. Concentrated loads of 100 pounds acting at the
center of 2ii.-inch spans, producing fixed end
moments of 300 inch-pounds.
2. Constant relative Stiffness Ratio of unity for
the corrugated aluminum.
3. Varying relative Stiffness Ratio for the roof
supports ranging from 0 to 2,0, This range was
sufficient to analyze the experimental data.
Moments were distributed five times, the Distribution
Factors being changed by using roof support Stiffness Ratios
of 0«0, 0«5> 1.0, 1.5j 2,0* As an example, the situation
when the Stiffness Ratio was 0,^ is shown.
End Center
Member Support Aluminum Aluminum Support Aluminum
S. Ratio 0.5 1.0 1,0 0,5 1,0
D Factor 0.33 0.6? O.Ii. 0.2 O.!}.
The ratio of the moment at the center of the end span to
the moment at the center of the center span was plotted against
the Distribution i"actor at the center support, Tne ratio of
the center moments was chosen because it changed rapidly with
change in the Distribution Factors and because actual strains
1.80
UJ 1.60
»- 1.30
0 0.1 0.2 0.3 0.4 0.5
FIG. 17 DISTRIBUTION FACTOR AT CENTER ROOF SUPPORT
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were measured at these points in the experiment. The ratios
of center moments were calculated for all panels# These are
shown in Table 17*
Table 17• Ratios of Center Moments and Distribution Factor
at Center Roof Support
Corruga Span of supports Average Dist.
tion 1 ft. 2 ft. 3 ft. ratio Factor
1 1.50 1.13 l.lk 1.25 0.30
2 1.27 1.28 1.2i|. 1.26 0.29
3 l.lil. 1.50 1.39 1.31^ 0.21
k l.Sk 1.54 l.il-O 1.52 0.09
The Distribution Factors decrease as the Moment of Inertia
of the corrurations increases. This is reasonable as the
stiffer corrugations vrould absorb a greater proportion of the
moment and pass on less to the roof support than would a less
stiff corruration. There is a tendency for Distribution
Factors to decrease as span length decreases. This would be
the result of the Stiffness Ratio of the corrugation increas
ing as the length of span decreases* However, only corrugation
il. follows this pattern closely.
The decision to use average Distribution Factors for each
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corrugation was made with considerable apprehension. From a
theoretical viewpoint the Distribution r'actor at the roof sup
port should increase as the spai length increases* However,
based on the limited data avllable, and considering the in
consistency oX" some of the data, it V7a3 not feasible to at
tempt to extrapolate values# Average values v;ere used to
determine values for the theoretical moment diagrams v;hich are
superimposed on the actual moinent diagrams in Plgures 13, lij.,
15* and 16, The correlation in these is reasonably good.
Average values were also used to calculate the maximum spac
ing of roof supports. This does talce into account some of the
rtiament which passes into the roof supports. If it does not
account for all this moment, the final results are conserva
tive to that extent,
Maximxjm Spacing of Roof Supports
The maximum spacing of roof supports was calculated for
uniformly distributed loads of liO, 50, 60, and 70 p.s,f.
The allowable unit stress in bending for aluminum was
arbitrarily sot at 20,000 p.s.i. This gives a factor of
safety of 1.75 In relation to the yield stress of 35,000 p,s.l.
The maximum allowable moment was calculated from the
relationship:
fal =1
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where fal = Allowable unit stress of alujnlnum, p.s.i,
?1 = Moment, in. lbs.
S = Section Modulus per foot of corrugated sheet, in.^
For uniformly distributed loads this maximum moment occurs at
the interior roof support.
Moments were distributed for each size of corrugation
using the Distribution Factors from Table 17. For this distri'
bution, fixed end moments of 100 in, lbs. were used.
Allowable fixed end moments v/ere derived from the ratio:
Max, All. Moment » All. F. E. M.
Max. M. at support 100
From which the spacing of roof supports was calculated by the
formula:
All. 1". E. M. =
where w = weight per inch, lbs.
L = spacing of roof supports, ins.
Table 18 gives the maximm spacing of roof supports for all
corrugations limited by bendin^^ stresses.
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Table lO« Haximum Spacing of Roof Supports
Corruga- Uniforialy distributed load
tion ij.O p.s.f, 50 p.s.f. 60 p«s»f. 70 p.s.f#
in, in> in, in,
1 35 31 28.5 26.5
2 l|.0 36 32.5 30
3 1^.6.5 1^1.5 36 35
k 76 68 62 57
The following is a sample calculation to illustrate the
procedure.
w lb. per ft.
A B C D
A- AB BA BG
.165 .835 .09 .ti.55
0 -100 0 +100 -100
+16.50 + 83.50 0 0 0
0 0 0 + la.75 0
0 0 3.75 - 19.00 - 19.00
0 - 9.50 0 0 + 9.50
+ 1.57 + 7.93 0.66 - k.32 - Li.32
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0 2.16 0 + 3.97 + 2.16
+ 0.36 + 1.80 -0.55 - 2.78 - 2.78
0 1.39 0 0.90 + 1.39
+ 0.23 + 1.16 -0.21 - i.oU - l.oli
0 0.52 0 + 0.58 + 0.52
0.09 + O.ii-3 -0.10 0.50 - 0.50
+18.75 - 16.75 -5.i!.7 +119.56 -lllv.09
Max, M. 20,000 (0 .0952) = 190]4. in . lb.
19014. F. E. M.
119.56 100
F. E. M. = 1595 In. lb.
2
wL
F. E. M. =
1595 =§7^
L = 67.9 in.
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Design Limited by Deflections
Excessive deflections are very undesirable on any cor
rugated metal roof, l^ot only is the appearance bad, but the
seams between sheets will open up permitting rain, snow, and
drafts to enter the structure.
Deflections were calculated by the double integration
method for the end span of the roof panels. Deflections would
be smaller at center spans. The fundamental differential
equation for the deflection of a flexural :menber is
El —5 = MX
dx
Per the end span of the roof panel the equation becomes
d^y wx^
El —i = Rax - Ma
dx^ 2
which when integrated twice gives
Ely =^(x3-l2x) - ^(xt-L3x) -?^(x2-rjc)
When Ra is expressed in terms of w, L, Ma, and ^fb and ^ is
substituted for x, the equation expressing the deflection, y,
at the center of the span becomes
Ely = - 2^ + (Ma +Mb)
3Qk 16
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Solving this equation for corrugation 1, carrying a load of
JiO p.s.f,, on a span of 35 In., the resulting deflection was
O.68I4. inch, I'his T^as considered excessive.
In the absence of any criteria concerning allowable de
flections in corrufiated metal roofing" an arbitrary standard
of 1/200 of the span length was adopted. I'his allows almost
l/If. inch of deflection on a i].-foot span, an amount which would
not mar the appearance of the roof*
Maximum span lengths, limited by deflection, were calcu
lated for all corrugations. These results are shown in Table
19. A sample calculation illustrating the procedure follows.
Ma and Mb are expressed in terms of w and L.
Ha = IMI .
100 12
and
Mb =119^ ^
100 12
for corru;;atlon l|..
Substituting these values in the deflection equation and
expressing 7 as there results
200
El = 2.2k wL^
200 3Qk
which gives, for a distributed load of [|,0 p.s.f.
-68-
l3 = 10>3(10)^(>0238)(38l!.)(12)
200(2.2k) (ii.0)
L =76 in.
Table 19. Maxim™ Spacing of ^oof Supports Limited by
Deflections
Corruga Unifoi'mly dis tributod load
tion i|0 p.s.f. 50 p.s.f. 60 p.s.f* 70 p.s.f.
in. in. in. in.
1 21.5 20 19 18
2 28 26 2ii..5 23,5
3 30 28 26.5 25
k 76 70.5 66 63
^i-Deflection of 1/200 of the span. It is felt that
aluminum roofing" can be allov;ed to deflect more than the
1/360 of the span commonly allowed for beams. The value
chosen permits alnost twice as much as the allowable deflec
tion for beams.
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DISCITSSIOT)
The results in general were not as uniiorm as desired.
For example, the Section Hodiai in Table 16 vary considerably
within each corrugation. Two possible reasons for this vari
ation are offered,
1* It is possible that the nature of corrugated alum
inum sheets is such that wide variations in performance must
be expected. Sheet thickness varied i O.OOl^ inch. Thus,
sheets nominally 0»019 inch thick ranped from 0.0175 inch to
0.0205 inch, the thickest sheets being 17 per cent thicker
than the thinnest sheets. It is also tirobabl© that in the
manufacturing process all corru,rations will not be made
identical. If these inherent characteristics are the major
cause of the variation, a larger number of replications would
produce a more typical avera^^e value.
2. 'i'he possibility of error resulting from the apparatus
used must be considered. An air bubble under a strain gage
would cause faulty readln^rs, but there is no way of telling
whether a reading which is slightly out of line with other
readings is the result of faulty attachment or some other
cause. Great care was taken in attaching the strain ga^es
and in subsequent handling*
Th.e linlcap.e which applied the load to the panel mipht
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not have divided the load equally as planned. The only reason
for this is friction within the linkage and this effect should
become negligible as the load increased. However, it is
strongly recormnended that if work on this problem is continued
some more convenient method of loading the panels be devised.
It was a most awkward and tiine-consuming job placing the panels
upside down under the scale, centering them, and placing the
pipes at the exact center of each span. It was also difficult
to observe what was happening to the panel as the loading pro
gressed.
In the analysis of the restraint offered by the roof
supports, some bold assumptions were made to determine the
Distribution Factors at the roof support;s. These assumptions
were partially justified by the lack of data, and did simplify
the analysis. Nevertheless, they cannot be backed up by
theoretical calculation, znirther vjork should be done with a
greater number ol span lenpths in order to more fully define
this restraint.
Tables 18 and 19 show that for all corrugations except
corru,catlon k the spacing of roof supports is limited by de
flection. Table 19 shows that there is little difference in
allowable spacing of roof sup^oorts betv^reen cornirations 2 and
3. These corrurations differ only in thickness of metal.
On the otaer hand, corru-ation ij., which is both thicker and
deeper, is considerably stiffer. It follows that increasing
the thickness of corrugated sheet has little effect in
.71-
increasing its stiffness, whereas increasing the depth of cor-
ugation has a marked effect on the stiffness# Further re
search is required to define how stiffness varies with depth
of corrucation and with thickness of sheet.
A study of roof framing methods should be made to de
termine how far apart roof supports can be placed, without iin-
pairing the strength of the frane« Also required is an
economic study of the cost of roofs with roof supports at dif
ferent spacing# This information is necessary to determine
the most economical use of aluminum roofing.
Figure 18 shows graphically the maximum allovrable spans
of each corrup-ation liaited by flexure and by deflection.
Corrugation 3* which is 1»26 ti^.es as thick as corrugation 2,
can be used with roof supports only 1.06 times as far apart.
Corrugation i[., which is 1,68 times as thick and 1.75 times as
deep as corrugation 2, can be used over roof supports 2.68
times as far apart. In other words a 26 per cent increase
in sheet thickness resulted in 6 per cent increase in the
spacing ol roof supports. A 6b per cent increase in thick
ness and a 75 per cent increase in depth resulted in a 168
per cent increase in the sp&cing of roof supuorts.
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SUi''ij^iARY
The primary objectives or the experiment were to de
termine the flexural properties of corrugated aluminum roof
ing, to analyze the restraint at roof supports and to determine
-maximum safe spacing of roof supports.
Test panels were constructed in which the aluminum roof
ing spanned four equally spaced roof supports • Fotir types of
corrugation were tested over roof supports placed on 1-foot,
2-foot, and 3-foo'fc centers. The panels were loaded with equal
concentrated loads acting at the center of each span, TJnit
strains were measured using SR-It. electric strain gages at
five positions on the panel. This xms sufficient to draw
moment diagrams and completely analyze each nanel.
The Section Modulus and Moment of Inertia of each cor
rugation were determined. By Moment Distribution methods,
the relationship between final moments and original Distri
bution Factors was used to define the restraint at roof sup
ports in terms of the Distribution Factors at the roof sun-
ports. Using these calculated Distribution Factors and
distributing the actual loads applied. It was possible to
draw a theoretical moment diagram which closely fitted the
actual moment diagram.
The maxlinun spacing of roof supports to carry various
uniformly distributed loads was calculated using the previously
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defined Distribution i''actors. Maximum spacing of roof supports
limited by deflection was also calculated.
On three corruf^ations the maximuni spacing of roof sup
ports was limited by deflection. On the strongest corruga
tion the spacing was linited by bending stresses. Increas
ing the depth of a corrugation strengthened the roofing sheet
more than increasing the thickness of the sheet.
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GOHCL'JSIOTTS
1« (a) Stron£:er sheets used with widely spaced roof supports
result in a more economical roof construction. The
extra cost of the roofing is more than offset by the
savings in the roof deck. Corrugation I4. could be used
with roof supports 2.68 tines farther apart than could
corru^^ation 2 (p. 7-8, 71),
(b) Aluminum roofinp:, 0.019 inches thick, is easily damaged
vmile beinc nailed to the roof. The use of thicker
sheets would strengthen the roofing and reduce the
amount of such damage (p. 3, 3I1.),
(c) A corrugated sheet is stiffened more by increasing
the depth of the corrugation than by increasing the
thickness of the sheet. Increasing: the sheet thick
ness 26 per cent permitted an increase of 6 per cent
in the spacing of roof supports. Increasin^^ the sheet
thickness 68 per cent and increasing the depth 75 per
cent permitted an increase of I68 per cent in spacing
of roof supports (p. 70-71).
2. (a) The distribution of strains in a corrup;ated aliauinum
panel closely approximates the distribution as
calculated by fle^ral theory (p. 39-k2).
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(b) Partial flattening of the outer corrugations of a
panel results in those panels being strained less than
are the inner corrugations.
(c) Strains are unifom across inner corrugations at any
section.
3. (a) The Section Moduli per foot width of sheet were cal
culated to be: no, 1, 0.0153 xn.^; no. 2, 0»0260
in.^; no. 3> 0.035^ in.^; no. i}., 0.0952 in.3 (p, [|.6,
55)-
(b) The maxinrnm allowable spacings of roof supports have
been calculated (p. 62-68) and are sujnmarized below#
Table 20. Haxiimim Spacing (Inches) of Roof Supports under
Uniformly Distribxited Loads
Corruga- h.O^ ^0 60 20_
tion Sb S D DSD
35 21.5 31 20 28.5 19 26.5 18
2 , 28 36 26 32.5 2i|..5 30 23.5
3 Li-6.5 30 kl.5 28 38 26.5 35 25
Ij. 76 76 68 70.5 62 66 57 63
a - Poof load, p.s.f.
b - Spacing li^.ited by bending stress of 20,000 p.s.i»
in aluminuin#
c - Spacing limited by deflection of 1/200 of the span,
d - 1, 0.019 in. thick, 0.375 in, der)th, 1.26 in. pitch.
2, 0.019 in. thick, 0.500 in. depth, 2.67 in. i?itch.
3, 0.02[i. in. thick, 0.500 in. depth, 2,6? in. pitch.
I4., 0.032 in. thick, 0.875 in. depth, 2.67 in. pitch.
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(o) For the three corrugations with the smallest Section
Moduli the spacing of roof supports is limited by de
flection. Far the corrugation with the largest Sec
tion Modulus the spacing of roof supports is limited by
allowable bending stresses (p. 70).
(a) The use of the Distribution Factors in Table 17 permits
a theoretical determination of the stresses in a panel
x^hich closely approximate the actual stresses. These
Distribution Factors can be used to determine the
moment which passes into a roof support from a panel
due to partial restraint at the joint, and to determine
the stresses likely to be encountered in a panel under
any loading condition (p. 5d-62),
The Distribution i"actora in Table 1? have not been
proven theoretically valid outside the range in which
they were calculated, but their use simplifies the
analysis of stresses in a panel, and results obtained
by their use are conservative (p, 62, 70),
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Preliminary Outline of Proposed Research Study
A general browsing througja reports and theses previously submitted
has aroused in me an interest in doing something further in the
field of aluminum roofing.
The subject of corrugation patterns has been suggested as one
which has not yet been considered in scientific research. The
following is a brief outline of how I would investigate this sub
ject. As an outline, it will be incomplete and will probably bear
little resemblance to the final report, but it will give direction
to the investigation and it will be a basis »vhlch can be expanded
as facts affecting the subject come to light.
Introduction
History of corrugated metal roofing.
Reasons for present patterns.
Amount of alum1num roofing used.
Present conditions affecting roofing materials.
Review of Literature
Withdrawal resistance of nails.
Resistance of Aluminum to nail heads pulling through.
Loads carried by roof.
(a) Wind load - lifting.
(b) Live and dead loads.
Effect of roof pitch on aorrugutions.
Effect of corrugations on leakage.
The Investigation
Analysis of literature reviewed.
Determine the conditions which aluminum roofing must meet.
Devise tests to measure the characteristics of the various corruga
tion patterns.
Study the economic factors involved.
(a) Cost of roofing materials.
(b) Cost of labour.
(c) Cost of roof supports at different spacings.
Analysis of Results
Determine the preferred corrugation pattern (if any)
Determine preferred method and place of application or various
patterns.
This outline brings forward a number of questions. Some of them
-2-
requlre answers immediately, otiiers mayai'fect the course of th.e
research later. The following are typical of these questions:
(1) How maaiy corrugation patterns are available, sho ild we
make some new patterns?
(2) Has sufficient preliminary work been done to determine the
conditions to which aluminum roofing is subjected?
(3) Will it be possible to accurately test the roofing to
determine the strength required to resist the loads applied to it?
I am thinking of a uniformly distributed lifting wind load.
Further investigation is required to find answers to these problems.
tfeOpole
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Resistance of Aluminum Sheets to Rupture by Nail Heads
Kunze, in 1950-51, initiated some work on the resistance of various
alujnlnum sheets to rupture by nail heads. This work does not approach a
complete stndy of -tiie subject. It does not give a comparison for different
thicknesses of the same alloy^ nor does it coo^are different alloys of the
fmnifl thickness. Only one type of corrugation pattem is investigated and
it, being a different alloy from any of the flat sheets tested, is not
comparable \ri.th the other tests. It is noted that corrugations flattened
out before rupture but no record was kept of the resistance to flattening
out. Most of these omissions and inadequacies resulted from the fact that
Kunze was unable to obtain the material he required at that time. They
are mentioned here only to point out the limitations of Kunze* s work in
application to the study of corrugation patterns.
Kunze tested four i^es of ainmlntim sheet with l6 nails in a statistically
planned experiment. His results are shown in the accompemying bar graphs.
The sheets tested werei
(1) Flat sheet, 0.032 inches thick, alloy Alclad 4S-H38
(2) Flat sheet, 0.025 inches thick, alloy 3S-H14
(3) Flat sheet, 0.020 inches thick, alloy 2S-H18
(4.) Corrugated sheet, 0.019 inches thick, alloy Alclad XB16S
Corrugation spacing 1.26 inches
The code number by which each nail Is designated was devised by Kunze to
show the characteristics of each nail. It is explained as followsi
First Digit refers to Material
1 Aluminum
2 Steel
Second Digit refers to Bare Head Diameter
1 0.277 inches, small
2 0.281 inches, small
3 0.284. inches, small
4. 0.285 inches, small
5 0.340 Inches, large
6 0.34-5 inches, large
7 0.3^ inches, large
Third Digit refers to Type of Sealer
1 Lead encased head
2 Lead washer
3 Wedge synthetic washer
4 Flat synthetic washer
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Fonrth Digit refers to n^ftTneter
1 0.133 inches
2 0.136 inches
3 0.138 inches
4. O.L^6 inches
5 0.150 inches
6 0.152 inches
7 0.164 inches
8 0.169 inches
Some of the conclusions reached by Kunze are as foUovsi
(1) The flat synthetic wa^er proved to be the best of all "tti® washers
tested.
(2) The conical point of nail 2111 must be credited with superior
performance of that nail.
(3) The large bare heads on aluminum nails are too weak to be used
effectively with the 0.032 inch aluminum used in the tests,
(4.) Lead from the lead washers and the lead encased heads^ as well as
the synthetic material of the wedge shaped washers, acted as a wedge under
the nail head and aided the nail to induce rupture.
(5) All the nails tested show sufficient resistance to rapture to secure
one square foot of sheet metal roofing in a 100 mile an hour wind.
Further information from the graphs might be stated as followsi
(1) Nails with large heads and flat synthetic washers (174A# 2743»
2748, 1748) are superior in all cases.
(2) Nails with wedge synthetic washers have the lowest aresistance to
rupture in "tiie corrugated Meet tested.
(3) Nails with lead encased heads have low resistance to rupture in
all cases.
(4) Nails with large heads and flat synthetic washers have an average
rupture resistance of 99-116 lbs. in the corrugated sheet. From Kunze*s
original data sheet the following range is shown:
Rupture Resistance
Nail Minimum Mflxlmnw Variation Average
VIUU 91 lbs. 139 lbs. 48 lbs. 116 lbs,
2743 90 lbs. 138 lbs. lbs. 106 lbs,
2748 83 lbs. 127 lbs. 44 lbs. 104 lbs
1748 85 lbs. 120 lbs. 35 lbs. 99 lbs
However, if a roof panel were subjected to loads approaching this magnitude
the corrugations would flatten out leaving the panel loose. This would be a
very unsatisfactory condition. Some preliminary tests will be necessary to
determine the resistance of corrugations to flattening out. This may be the
limiting factor in deteitaining the number of nails required per roof panel.
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Wind Pressures on Structures
Normal atmospheric pressure la 14«7 psi» This amounts to over
a ton per ft,2 which Is acting on all structures on the earth.
This pressure does not affect the stability of a structure
since it is equal on each side of a board or on the inside and
outside of a building. When wind strikes a building the
equilibrium of these forces is upset. The magnitude of the wind
loads, compared to the atmospheric pressure may be small, but
when applied over large surfaces of light weight structures
(farm buildings) their effect is very important. The action of
the wind loads will be positive, increasing the atmospheric
load in places, and negative, decreasing the atmospheric load,
in other places of the same structiare.
In the past only the positive wind loads were considered in
building design. Even today this remains the same in the design
of many types of structures. This is made possible because of
a high factor of safety and because the dead load of the roof
counteracts the negative force of tne wind load. In farm
buildings this can not apply as a lower factor of safety is
used and light weight structures predominate.
Agenerally accepted formula^ for the pressure exerted by wind
on a surface normal to the direction of the wind Is:
^ = I
where P = velocity pressure in pounds per square foot,
d = air density in lbs. per cubic foot
V * true wind velocity in miles per hour
W = 1.3253 B
T
where B = barometer reading, inches of mercury
T = absolute temperature, 1^.59*6 + t Fahrenheit
1.3253 lbs. = weight of 1+596 ft.^ of air at 0' F and 1 In.
mercury
For large surfaces, sucli as the side of a barn normal to the
wind, only part of the surface is subjected to the force
calculated by this formula. The air flowing parallel to the
surface in attempting to get around the obstacle reduces the
static pressure, thus reducing the effective pressure of the
wind, '^hls flowing action of the air also causes negative
wind pressures on surfaces parallel to the direction of the
wind and on sloping roof sections. This has been known for
some time by aircraft designers "but has been investigated
only recently in its relation to farm structures.
The early workers in the study of negative wind pressures
were Constanzi (1912), Eiffel (1911^.), Smith (19114-), Dryden and
Hill (1925), Arnstein U927)« Some of their results are
mentioned by Sylvester^ in a Master *s '-^liesis at Rensselaer Poly
technic Institute. These men were working on airship hangars
which were very susceptible to wind damage# They worked with
models and with actual buildings and produced the following
results:
(1) Wind pressure produces a lifting (negative force on
over half of any building.
(2) The pressures on actual buildings can be determined
from the pressures obtained on models in the laooratory with
sufficient accuracy for design purposes.
(3) Negative forces are greatest at sharp corners. Rounding
the corners reduces the negative pressures- '-^his led to the
use of semi-circular and inverted catenary types of structures
for airship hangars.
ik) Negative forces equal to the positive wind forces will
be found in the best designed building.
(5) Accurate predictions cannot be made for any type of
building without running actual.tests on the building or a
model of it.
Application of this work to farm structures has been carried
out by Fenton and Otis^, who investigates the pressures set up
by wind action on three types of farm barns. Models with
gambrel roof, gable roof, and gothic roof, representing barns
36 ft. by 60 ft. were tested in wind tunnel with cross-sectional
area of li;3 sq. ft. Each model was tested in three positions,
with the wind at 90 degrees to the side, 90 degrees to the end,
and at i+5 degrees to the side. Pressure readings were photo
graphically recorded from multiple manometer panels.
The accompanying drawings show the pressures set up in the
gambrel roof barn with the wind blowing perpendicular to one
side and perpendicular to one end. The gambrel roof is shown
because it presents the most extreme values of any of the roofs
investigated. Pressures are indicated by coefficients. The
actual pressure is the product of the velocity pressure
(derived from formula) and the pressure coefficient.
It will be noticed that negative pressures as great as 1.3 times
^7-
the velocity presa\3re are developed on the upper roof panel
with the wind perpendicular to the side and pressures almost
equal to the velocity pressure are developed on the lower
roof panels with the wind perpendicular to the end* When a
barn door facing the wind is left open the velocity pressure
of the wind enters and acts outward with equal force normal to
all surfaces. This changes all coefficients by the factor -1.0
making the maximum negative force coefficient -2.3 with the
wind perpendicular to the side and -1.9 when perpendicular to
the end.
As it is quite possible that doors could be left open through
accident or carelessness it is necessary that aluminum roofing
should be fastened securely under extreme conaitions* I'hls
means that fastenings must be designed to resist twice the
velocity pressure of the wind over the entire roof with extra
fastening at the break in a geunbrel roof.
Since the velocity pressure varies as the square of the wind
velocity, a design velocity must be determined. Wind velocities
have been recorded in Iowa In excess of 100 miles per hour.
This velocity exerts a pressure over 30 lbs. per sq. in. This
figure a^^^vrees closely with the wind map^published in Building
Materials ana Structures Report BMS 109 which gives a msjcimum
velocity pressure of 33 lbs. per sq. ft. in western Iowa,
eastern Nebrasica, and southeastern South Dakota. In this work
a design velocity pressure of^sq. ft. acting on the under side
of the aluminum roofing will be assumed in detemining the
number of nails required per roof panel.
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Withdrawal Resistance of Roofing Kails
A great deal of research has been directed towards the holding po\fer of
different zudls under various conditions. Some p^linent facts from a
disci^sion on wood fasteners in the Wood Handbook ares
The force required to start the withdrawal of a nail in the
direction of its length from a piece of wood is intimately
related to the density or specific gravity of the piece and
to the depth of penetration. Furthermore, the holding power
for a given depth of penetration generally varies directly
with the diameter of the nail when the nail is not of a size
to cause evident splitting*
If nails are driven into green wood and seasoning takes place
before they are pulled, most types of nails lose a large part
of their holding power*
A zinc coating is given to nails prlmnrily to prevent their
corrosion* If the coating is evenly applied it may increase
the resistance to withdrawal but extreme irref^larities of
the coating may actually reduce the holding power*
In some designs the shanks of nails are varied * * • * There
are barbed, longitudinally grooved, spirally grooved, square,
and triangular forms, all of which except the barbed nail
give higher resistance to withdrawal under all moisture
conditions than does the plain nail*
An investigation Giese and Henderson^ of the effectiveness of roofing
nails confintks the preceding and addss
Screw shank nails driven into wet wood in^rove in performance if
the wood is subsequently dried*
In order to attain maximum effectiveness, screw shank nails
must turn freely when driven and refrain from turning when
extracted*
The performance of screw shank nails was improved by serratlng
the upper edge of the thread*
The ring shank nail was relatively unaffected by changes in
moisture content of the wood*
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tfhen ring pHanV nails are driven through metal in fastening
metal building sheets, the rings are damaged axkd performance
of ihe nail is impaired by approadlmately 25 per cent.
The chief advantage of processed nails lies in their abilil^
to retain or inq^rove their withdrawal resistance under
changes in the moisture content of the wood*
Creeping of nails frcwn asphalt roofing and from boxes shows
that internal forces are probably of major importance. It
appears that ring shank nails will not creep*
Extensive research been carried out by Boyd' and Robison into the with
drawal resistance of a large number of roofing nails under varying moisture
conditions* Both investigatlolU worked with the same nail group. Sraie of
Boyd's conclusions arei
Ring shank nails are significantly superior to all plain and
baxb gVioyV nails. Little change in withdrawal resistance can
be associated with changes in moisture content (of the wood).
Combination nails perform similarly to ring shank nails*
Screw shank nails with shorter leads tend to increase in with
drawal resistance as the moisture content decreases. Ihose
with longer leads perform like plain shank nails.
Based on withdrawal resistance, deflection, and driving
characteristics, ring shank and combination shank nails
appear superior, with some screw shank nails also performing
satisfactorily.
Robinson continued testing through a larger number of moisture cycles. Nails
were driven into Douglas Fir at approximately 7, 1/+, and 21 per cent moisture
content. The wood was subjected to three complete moisture cycles within
the above range. Some nails were pulled at each of the three stages in each
cycle. From the results obtained Robison reached, in part, these concluaionss
All aluminum nails show a gradual decrease in withdrawal resistance
between the second moistui^ cycle and the final withdrawal*
Failures of nail heads is significant in deformed ahnnk aluminum
nails having the common head type.
Galvanized steel nails or aluminum ring or combination shank
nails should be used for least splitting.
The results which Robison obtained with 16 nails tested in both one inch and
two inch Douglas Fir are shown in Fig* 1 and Fig. 2. The average resistance
to withdrawal was determined at each stage in each cycle. Fig. 1 shows the
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m-t nimnm resistance to withdrqvfal. Robison contended that It was
impossible to foretell when a nimrlTnwin load would occur, that maximum
demand might be placed on the nail when withdrawal resistance was a
minimum. Therefore these resistances are the limiting or
critical values*
On the other some nailft reach a tn^ niimim at one particular moisture
content in one particular cycle and never reach this minimum value again*
For example the plain shank galvanized steel nails driven at 14 per cent
moisture reach their mlnlmnm in the first cycle when the wood is dried to
seven per cent moisture* These nails never again reach this low value* To
judge the effectiveness of these nails ty their minimum performance does
not give a true picture* It is felt that the average resistance to wilii—
drawal of "i the nails pulled at each stage in each <grcle would present
a more accurate description of each nail's merits. Fig* 2 presents these
average withdrawal resistances for each nail* It will be noted that
performance in two inch and one inch material is closely related in Fig* 2*
Nails 4076, 3079, 3117, 2613, 2410 do not maintain this same order in
boidi thicknesses of wood* However, there is little significant difference
in performance among these nails, which makes this apparent discrepancy
unimportant* The same can be said for nails 183, 7012, 6015* With the
exceptions noted the performance in one inch wood is proportional to tdiat
in two inch wood* The average increase in withdrawal resistance from two
inch wood con^ared to one inch wood is 45 per cent* ^Oie first eight nails
show an increase in withdrawal resistance of 49 p®r cent when driven in
two inch wood* The last six inereeise ty only 36 per cent when driven
into Wo inch wood*
The first eight nails performed significantly better than the last ei^t*
In order to show the differences among these nails a description of the
nail identification code is presented* The first disrit refers to shank
type as follows:
(1) Plain or barb shank
(2) Ring shank
(3) Combination ring and screw shank
(4) 3crew shank with 4 threadsis) Screw shank with 5threads
6) Screw shank with 6 thresuis
(7) Screw shank with 7 threads
second digit refers to The numbers run from 0 to 9,
wil^ 0 denoting ihe smallest diameter within az^ shank type*
The third digit denotes surface and point as follows:
(1) Aluminum, plain surface, diamond point
(2) Aluminum, etched surface, diamond point
(5) Aluminum, alrok surface, diamond point
(7) Steel, galvanized surface, diamond point
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Identifies pitch for screw or rings per Inch foi;
Fourth Digit Pitch Rings/inch
2 O.L^O to 0.159
3 22
5 0.2CX) to 0.219
6 0.220 to 0.239
7 0.240 to 0.259 17
9 0.280 to 0.299 19
0 0.300 to 0.320 20
Fig. 2 shows that in the Inch wood the four steel nails occup7 the
four top places. In the one inch wood nails 4076 and 3079 move to positions
six and seven. As mentioned before there is little significant among the
better aluminum nails. This could account for the superiority of liie steel
nails in the two inch wood. It can be noted also that with the ring shank
nails withdrawal resistance varies directly with the diameter with little
to chose between nails 2613 and 2410. The best wlimi-Tnnm nails in order of
CTeatest resista. ca are (l) combination shank (2) ring (3) screw shank
(4) plain shank. The best steel nail was 5275, a screw shank nail, followed
by 2977, a ring shank nail. From the data available it can be said for steel
nails that some screw shank nails are as effective as the ring and
combination shank nails.
In designing from the data in Fig. 1 and Fig, 2 a factor of safety must be
en5>loyed. This is a necessary allowance for boards splitting, non-homogeneity
of the wood, nails missing the wood entirely, and a general loss in with
drawal resistance overa period of years. As values in Fig. 2 are up to 50
per cent larger than those in Fig, 1, a proportionally larger F, S. should be
used with Fig. 2 to give approxljaately equivalent results. It is suggested
that values in Fig, 2 present a truer picture of each nall*s performance
and that these values should be used subject to a F, S. of 5.
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Tests to be Run on Corrugations
Review of literature shows that nothing is known about the re
sistance to flattening out of corrugations. Kunze reports that
the corrugations do flatten out before the nail head ruptures
the sheet. This resistance to flattening out should be a criti
cal factor in determining the spacing of nails securing the
roofing and in the choice of these nails. If the corrugation
flattens out while the nail remains fast, the sheet is loosened.
This makes the roof noisy in the wind, undoubtedly leaky, but
most serious, it ismore susceptible to further wind damage. It
is proposed that this investigation should consist of determin
ing the resistance to flattening of various corrugations.
Ob.iectives
(1) To determine the resistaice to flattening in pounds
for various corrugations.
(2) To recommend nail spacing for various types of corru
gated roofing with various nails.
(3) To recommend "type of nail'* for various types of corru
gated roofings. A nail with 300 lb. withdrawal resist
ance and 200 lb. rupt\ire resistance is not required if
resistance to flattening is only 100 lbs. Strength of
nail head may not be a limiting factor as suggested by
previous workers.
To recommend type of roof support. The extra nall-
holdlng power afforded by two-inch roof supports may
not be necessary.
(?) To recommend gage of sheet, and pitch and depth of
corrugations most desirable for farm buildings.
Testing Equipment
Preliminary tests will be necessary to determine the area re
sisting deformation. Prom these tests the size of test panels
can be determined. Generally the panel should be supported as
it is in the roof to simulate actual conditions. It is not
known at present whether sample roof panels should be con
structed and tested or whether actual conditions can be simu
lated on small test pieces. The latter approach would be more
-13-
economlcal of materials and more convenient in the testing
machine.
An endeavor will be made to use the nail pulling machine in this
test work. This will involve some rebuilding. The practica
bility of the hydraulic press for this work will also be inves
tigated. The resistance of the corrugations is not expected to
exceed 200 lbs. for the heaviest sheets. This requires very
sensitive load-measuring equipment. Consideration is also being
given to direct hand loading with sand.
It would involve the construction of a platform or container to
be hung from the corrugation. Loads could be applied at any rate,
using sand bags of known weight. This method has the following
advantages:
(1) Accuracy is unquestionable.
(2) Loads can be applied very slowly over the critical
range.
(3) Apparatus is simplified-
(l^) It can be applied to any size of test panel*
It's chief disadvantage is the labor requirement. It would be
impractical for a very large numberof tests.
Testing Procedure
Test samples are nailed to wood supports to prevent lateral dis
placement. For tentative nail spacing every second currugation
for the 2.67 in. pitch and every fourth corrugation for the
1.26 in. pitch is suggested. The corrugation to be tested is
pierced with a roofing nail but not secured to the support. It
will be necessary to have a hole drilled in the support below
the corrugation being tested if the nail-pulling machine or
hand loading is used.
A number of steel bearing surfaces will be made, each equal in
diameter to the head of a certain nail or group of nails. This
will eliminate any variation due to slight irregularities between
individual nails or due to nail head failures. This is desirable
as this experiment is directed toward the resistance of the cor
rugation itself.
The bearing sxirface is Inserted in the hole in the corrugation
and loaded until flattening out is obvious. A rigid reference
point must be established from Tidiich deflections can be measured.
-u-
The load is applied slowly with readings of load and deflection
recorded at predetermined intervals. Careful preliminary tests
will indicate the critical range of loading. Prom this the
load increments can be determined.
Analysis of Results
Results can be presented as average load deflection diagrams
for each type of corrugation with each type of nail head. Prom
this, the load required to produce a given amount of offset can
be obtained.
General
There is sufficient work involved in the above outline to make
a thesis. Kunze used seven different nail head sizes. If this
number of head sizes is tested with six typea/of corrugations
for a sufficient number of replications to give statistically
significant results, the total number of tests will approximate
ij.00. If a comparison is desired between the effectiveness of
various types of sealing washers, this number (ii.00) must be
multiplied by the number of washers tested. Somewhere there
is a limit to what can be accomplished in one year. Thought must
be given to the exact limitations of this work for the present.
Objectives must be set forth and other aspects set aside for
future workers. The availability of aluminum will have a direct
bearing on this. A final decision on scope and objectives of
this investigation must be made when the materials have been
selected as representing those most likely to be used in roof
ing and as such, should be investigated.
Ga^e Thick •• Pitch •• Depth Amount
2^. .020 in. •• 1^26 in. z 3/H in. 5 sheets
2k .020 in. t 2.67 in. • 3/k in. 26" wide
22 .025 in. •• 1.26 in. •• 3/8 in. X 8* long
22 .025 in. •• 2.67 in. ♦• 3A In. for
20 .032 in. • 1.26 in. •• 3/8 in. each
20 .032 in. • 2.67 in. •# 3/k in.
20 .032 in. •• 2.67 in. •• 7/8 in.;
These should all be of the same alloy sind same temper if pos
sible. If the alloy and temper of the material on hand are known,
perhaps it could be supplemented to give us the required choice
of materials required for this work.
Based on lij. tests per sheet. Sheets to be split down center,
nailed at sides, and tested as shown.
E. W. Walpole
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Some Prelljilnary Tests
An attempt has been made to detemine the behavior of corruga
tions when ruptured by roofing nails. The results are interes
ting chiefly in that they indicate where further experimentation
is necessary.
Procedure
Four sizes of test panels were prepared from sheets 0.020 inches
thick with corrugations 2.6? Inches by l/2 inch. The sizes were:
(1) 5 corrugations by 6 inches long
(2) 5 corrugations by 8 inches long
(3) 3 corrugations by 6 inches long
(I4-) U corrugations by 8 inches long.
Two jigs were prepared to hold these test pieces. The jigs are
an attempt to hold the test piece firmly and prevent lateral
displacement during the test. This is considered essential as
lateral movement is definitely restrained In a roof panel. The
jig consists of a one-inch board exactly 6 inches wide, and long
enough to support the required number of corrugations. Each side
of the test piece is held by three round head wood screws with
flat washers. The screws are carefully placed to provide 8
inches (3 x 2.67 = 8.01) clear distance between screws for
three corrugations and 13-II/32 inches (5 x 2.6? = 13.35 in.)
for five corrugations. (Photographs of this jig will be obtained.)
At the center of each jig a 1-3/6" hole Is drilled, through which
the nail puller operates.
In operation a test piece is secured In the jig and the nail to
be pulled is driven into the center corrugation directly over the
hole in the jig. Tt is quite easy to damage the corrugation when
driving the nails. After some practice a three blow routine was
adopted. The first blow forces the nail through the sheet. The
second blow forces most of the nail shank through the sheet. A
third light blow settles the nail head or washer on the top of
the corrugation. No claim is made for the importance of this
procedure but it is pointed out that if a nail is forced through
a light sheet with a series of light taps, a noticeable depression
will be made around the point of penetration. Also, a heavy blow
when settling the nail head on the top of the corrugation, will
flatten the corrugation to some extent. In these tests any obvi-
ously damaged test pieces were discarded.
In the following tests, a ring shanked aluminim nail designated
17q4 in Kunzi's work was used. The results are shown in Table—
and typical curves for each of the test pieces are shown in Fig—,
Readings were taken at each half turn of the screw giving
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increments of 0.05 inches# These increments were corrected for
deflection within the machine using the graph set up by Giese
and Henderson.
Observations
All pieces reached a yield point where deflection continued
without increased resistance. Following the yield point there
was a definite drop in resistance, then a very sharp increase
leading to rupture of the sheet by the nail head.
With the 8-inch test pieces, the curve flattened out after the
yield point followed by a sudden drop. Curves of the 6-inch
test pieces did not flatten out and dropped slowly after the
yield point.
The 8-inoh test pieces had a higher yield point than the 6-incla.
test pieces.
The test pieces with 3 corrugations by 6 inches long gave the
most unifom results.
Conclusions
A sheet of corrugated aluminum will fail when it is stressed
beyond the yield point of the corrugation.
These tests show that the ability of a corrugation to resist
deflection, when restrained laterally, depends to some extent
on the length of the corrugation. Some tests will be necessary
on an actual roof panel to determine the actual resistance of
the corrugation to deflection and to correlate the performance
of test panels to actual conditions.
There is too much variation in results for scientific conclusions
This is especially noticeable In the rupture resistances, while
the yield points are fairly constant except in the test pieces--
5 corrugations by 6 Inches. The causes of this are likely a
combination of the following:
(1) Non-uniform thickness of sheet
(2) Kon-Tonlform hardness due to cold working
(3) Placement of nails slightly off center of corrugation
(i^.) Angle of diamond point of nail on penetration.
(5) Other unknown factors.
Points (3) and (ii.) can be controlled in experimentation. The
remainder can be taken into account by using a larger nimiber of
replication.
It Is anticipated that in future work readings at yield point
and ultimate resistance only will be significant. This will
decrease the possibility of human error due to the operator
taking his eyes off the dial so frequently.
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table — • RESISTANCE TO DEFLECTION OP COHRTJGATIONS
IN VARIOUS TEST PANELS
a) Test panels—3 corrugations by 6 Inches
Deflection Resistance—•lbs.
1/H in-
turns ches 1 2 3 k
1 0.05 10 8 9 10
2 0.10 16 1^ 18 17
3 0.15 26 23 2,5 25
0.19 33 30 33 32
1 0.2k 39 39 38 36
6 0.29 h2 ko U2
7 0.34 ko 35 30 37
8 0.39 36 27 25 26
9 O.ljl). 60 60 60 60
10 0114.8 112 105 105 110
11 0.53 167 165 165 168
Observations
Av. yield point = il-1.5 lbs.
Variation 5 - 1*5 lbs.
Av. Ruptiore Resistance =
166.25 lbs.
Variation ¥ 1.75 - 1.25 lbs
b) Test panels—3 corrugations x 8 in. long
1 0.05 7 12
2 0.10 11 22
3 0.15 20 314-
k 0.19 28 Ml-
5 0.2ij. 33 50
6 0.29 kl kS
7 0.3k ks 50
8 0.39 51
9 O.iili. 25 30'=
10 0.k9 50 60
11 0.53 90 100
12 0.58 XkO 135
13 0.62
11
21
31
kl
kS
k7.
10
18
28
ko
kl
50
kl
70 60
175 190
Sudden drop
Try longer test pieces I
Figures 26, 23 are lows
noted between readings.
Av. yd. pt. 50 lbs.
Var. = * 2 - 3
Av. Rupt. Res. l60 lbs.
Var. « 30 - 25 lbs.
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c) Teat panels—5 corrugations x 6 in. long
Deflection
1/2 in
turns ches
1 0.05
2 0.10
3 0.15
h 0.19
5 0.2ij.
6 0.29
7 o.3i;
8 0.39
9 0.U4
10 0.i|.9
11 0.53
Resistance-'-lbs.
9
16
22
28
30
25
35
65
1 2 3
8 9 7
15 16 Ik
22 23 20
29 30 26
36 37 30
ko k2 25
26
¥ ^2
85 72 137
II4.5 125 170 165
150
Observations
1 & 2 acted different from
pieces 3 8c k
Av. yd. pt. = 35*5 lbs.
Var. r 6.5 - 5*5 lbs.
Av. Rupt, Res. = 157*5 lbs
Var. z*'120 - 12.5 lbs.
D) Test panels —5 cornigations x 8 in. long
1 0.05 12 9 10 11
2 0.10 21 18 19 19
Av. yield point 52»5 lbs.3 0.15 30 25 28 27
0.19 1^0 36 38 35
Var. = f 3*5 - 5*5 lbs.5 0.21^. kl kk i+6 kk
6 0.29 hi 50 51 50
Av. Rupture Res. z 170.5 It)'7 0.3^ kl 55 5k 53pn25208 0.39 ^2C352c. 56 53pn Variation z 16.5 - 20.59 O.iili ' 19 ' 55
10 0.i|.9 75 72 95
11 0.53 120 83 125 160
12 0.58 150 135 187 180
13 0.63 165
(/) 50
/ 7-
CORR.
CORR. X 8
CORR. X
CORR. X 8
AV. RESISTANCE
TO RUPTURE
0.2 0.3 0.4
DEFLECTION - INCHES
FIG. TYPICAL STRESS-STRAIN DIAGRAM OF SPECIFIED
TEST PIECES USING NAIL 1744. ALL TEST PIECES
0.020 IN. THICK, CORRUGATIONS" 2.67 IN. BY 1/2 INi
E. W. WaXpole
Project 1011
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STREI^GTH OP CORRUGATIONS IN ROOF PANEL
A roof panel measuring 32 In. by 81j. in- was constructed
on 1x6 roof supports* The roofing consisted of one sheet of
0.032" thickness, with corrugations 2.67 in. pitch by 7/8 inches
depth, secured with aluminum nails designated 17Ml- Kunze.
Nails were placed in every second corrugation at each end and
six inches apart on each side. Through the center of the panel
nails were placed in every fourth corrugation across the panel
and one foot apart lengthwise. Alternate nails were pulled
through the roofing through previously bored holes in the
supports. A top view of the panel before nail pulling Is shown
in 6. By close observation four of the six nails to
be pulled can be distinguished. Their synthetic washers have
not been flattened. Photograph 5 shows the bottom of the panel
in the nail pulling machine. Three of the holes through which
nails were pulled are visible.
Procedure
The roof panel was levelled on supports at such a
height that the nail pulling machine when in pulling position
was horizontal and the pull was truly vertical. The panel was
positioned with the nail to be pulled directly \mder the
pulling head. The pulling head was lowered by hand until the
nail could be secured. It was then raised by hand until there
was 10 poimds load on the nail, then lowered carefully until
the load reduced to zero. The machine was started at this point.
Readings were taken at each half turn of the lifting
screw, giving increments of .005 inches. Pulling continued
until the sheet was mptured. A total of six nails were
pulled. The observed readings are recorded in table •
Observations
There was no ccmplete flattening out of corrugations and
so obvious yield point. Loads increased steadily until rupture
occurred.
In all cases the rupture of the sheet followed a
similar pattern. The sheet failed by splitting perpendicularly
to the corrugation for about an inch on each side of the nail.
This is the same pattern which Kunze observed occasslonally,
and which he attributed to the corrugation flattening out. In
this test the corrugations did not flatten out appreciably.
The failure appears to be the result of the principal stresses
set up at the point of application of the load.
19b
Conclualona
(1) Test pieces used to simulate the action of corrugated
sheet al\arainum in a roof panel will have to be held rigidly to
prevent flattening out of the corrugations.
(2) The failure of corrugations when ruptured by nail
heads Is due to principal stresses.
(3) Corrugations are damaged when loaded beyond 60^ of
their ultimate strength
Rupture Resistance of Corrugated Aluminxan
turns
Def.
in.
1
lb.
2
lb.
3
lb.
k
lb.
5
lb.
6
lb.
Ave.
lb.
1 0.05 18 25 20 60 30 33
2 0,10 70 115 80 75 130 90 93
3 0.15 11^0 185 150 200 170 165
k 0.20 205 ?)|.0 210 220 250 225 225
5 0.25 250 270 255 255 280 260 262
6 0.30 275 305 280 280 310 280 288
7 0.35 305 iko 315 300 31^0 305 318
8 0.1(.0 320 355 3^1.7 310 352 331
9 0.I45
1
220
1
250 220 200 2i|.0
1
•-r
i
(n
CD
UJ
o
—
I/)
UJ
(r
350
300
250
200
0.2 0.3
DEFLECTION-INCHES
0.4 0.5
S. W. Walpole
Project 1011
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Bending Tests
It is suggested that the following tests be carried out with
corrugated aluminum sheets to determine (1) their capacities
under various loading conditions and (2) how these capacities
vary with change in shape of the corrugation.
Simply Supported--Hot Restrained
Test pieces I3-I/3 in»wide (5 corr, at 2-2/3") are supported on
knife edges exactly 21^" apart. A concentrated load is applied
at the centre through a knife-edge. Deflections are measiired
for each increment of load. The specimen is loaded beyond the
yield point.
Prom data secured determine:
(1) Moment of Inertia
TVo- - T - PIi^^ - PeI ^
(2) Yield Point Stress.
The yield point can be located on the Load-Deflection Curve.
The stress at the X.P. is determined frcasi the relationship
_ Mc _ PLc
Continuous Beam Action—Partially Restrained
Tpst I3-I/3" wide are nailed to 2 x li." supports which are
2[|. c.c. There are fooir supports giving three spans. The sam
ple is secured with three nails in each end support and two nails
in each centre support. A concentrated load is applied at the
centre of the centre span through a knife edge. Deflections are
measured for each load increment. The specimen is loaded beyond
the yield point.
From data secured detemine:
(1) Maximum load capacity
(2) The degree of Fixedness in nailed panel. This will
closely approximate the Fixedness of a roof section. This will
be determined by comparing actual data with calculated data for
fixed and hinged beams#
(3) Calculate the equivalent distributed load capacity of
the section.
(k) Calculate the maximiBn spacing of roof supports to carry
various dead loads for each corrugation#
-21-
t
Point Loadlnp;
Test pieces 26-2/3" wide (10 corr. at 2-2/3") are nailed to
2 X [{." supports 2i|." c.c» The sample us secured with four nails
in each of the foxir supports. Load is applied through a ij." dia
meter block at the centre of the centre span. This simulates
the action of a man walking on a roof. The diameter circle
approximates the area and shape of the ball of the foot»
Deflections are measured under the load point, at 5-1/3" inter
vals (2 corr) towards the outside edge, and at intervals along
the length of the corrugation. (Total 5 deflection readings).
From data secured determine:
(1) Maximum concentrated load capacity
(2) Maximum spacing of roof supports to support a man's weight.
(3) The weight carried by each corrugation,
(if) The effective area resisting a concentrated load#
Corrugations Required
Circular Arc • .025" X 2-2/3" X
.025" X 2-2/3" X
.025" X 2-2/3" X
Parabolic Cxirve • .025" X 2-2/3" X
.025" X 2-2/3" X
.025" X 2-2/3" X
Parabolic Curve 2 •• .025" X 2-2/3" X
.025" X 2-2/3" X
.025" X 2-2/3" X
6 sheets--26-•2/3 " (10 corr. at 2-,
1"
3A"
of each corrugation.
Total Sk sheets.
entire lot to be the same alloy and same hardness
E. W. Walpole
Project 1011
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Project Outline
(1) Title - The Strength of Corrugations in Aluminum Roofing
(2) Funds ~ Aluminum Gorapairy of America
(3) Personnel - Professor in charge - Henry Giese
(4) Dates - July, 1951 to July, 1952
(5) Type of Project - Research
(6) Contracts - Results to be recorded in M.S. Thesis which will be
available from I.S.C. Librsiry. Thesis will be subject
to and conform with all rules and regulations established
by the Graduate College. This covers method of
presentation and publication rights,
(7) Obiectivea - General - To secure information which will contribute
to the design of a superior "type of aluminum roofing#
To secure information which will assist in
the writing of specifications for the application of
of aluminum roofing.
Specific - To determine the load carrying capacity of
available corrugated sheets.
To determine the negative wind load capeicity
of available corrugated sheets.
To determine how the above capacities are
affected by shape of corrugation and thickness of sheets.
(8) Justification
Work has been done on roofing nails, rupture resistance
of sheets, wind loads on farm buildings. Snow loads for
geographic areas are available. Some tables sliowing safe
uniformly distributed loads are available. These are
manufacturers' liteiiature and are not consistent among
various manufacturers. No information is available
showing how these safe loads were determined. No
information has been discovered which shows the degree
of restraint obtained when corrugated sheets are
nailed to a roof deck. Also unknown is the perform^ce
of corrugated sheets under concentrated point loads.
An investigation of these factors using an the sizes
of corrugations available is proposed. The information
pertaining directly to each factor will be useful in
determining satisfactory instructions for the application
of each sheet. The results compared over a range of corrugation
-23-
slzes and sheet thicknesses may give information which
will assist in the design of an improved roofing sheet.
(9) Qqtline of Procedure
The following tests are to be madej
(a) The three bending tests discussed in Progress
Report No, 7, p» 20-21.
(b) A test simulating the action of negative wind
pressure on a roof#
A test panel with area and shape the same as the area and
shape held by each nail is held rigidly on all K 0dges,
A recommended roofing nail is pulled iiirough the centre
of this panel until failure occurs.
Test panels previously reported (Progress Report No. 6)
have not been sufficiently restrained. Results obtained
since that time, by pulling nails through roof sections,
indicate that there is very little deflection of the cor
rugation and no apparent yield point.
(10) Determiqfl-tiona to be made for each sheet
(1) l»loment of Inertia (varies with corrugation shape
and thickness of sheet),
(2) Yield Strength (uniform within the same alloy and
temper) •
(3) Maximum uniformly distributed load for various
spacing of roof supports.
(4.) Maximum concentrated live load for various spacing
of roof supports.
($) The area of roofing panel which can be supported by
one roofing nail in a 100 mph wind.
(11) Materials Required
Corrugat^^ - All sheets to be 12 ft. long
by 26/ inches wide.
-24^
Sheets Gorr [gations
No. t Thickness (in.) Pitch (in.) Denth (in.)
6 .020 1.26
6 .025 1.26
Xm
6 •032 1.26
Xtt
6 .020 2.67
6 .025 2.67
6 •032 2.67
3A"6 .020 2.67
6 .025 2.67 3A"
6 •032 2.67 3A"
6 .020 2.67 7/3"
6 .025 2.67 7/8"
6 •032 2.67 7/8"
Total 72 sheets
Wood
10 - 2" X 4." X 16 ft,
5 lbs. - I6d nail3 (3^)
E. W. Walpole
Project 1011
May 6, 1952
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INTRODUCTION
Project 1011, entitled "The Utilization of Aluminum and
Aluminum Products in Paim Buildings and Equipment", was
initiated at the Iowa Agriciatural Experiment Station on
March 1, 19l^.7. Research in this project has continued to
the present. The active interest and financial support by
the Alminum Company of America has made this possible.
Justification
The story of aluminum as a commercial metal dates from
1886 when Charles Martin Hall succeeded in producing aluminuon
by the electrolytic fission of aluminum oxide* The story
continues with the organization, in 1888, of the Pittsburgh
Reduction Company which was renamed the Aluminum Company of
America in 190?. For many years this was the only company
manufacturing alimiinum in America; the growth of this
company was synonymous with the growth of the aluminum indus-
(R)
try in America*
The first large outlet for aluminm was in the manufac
ture of kitchen utensils* Early markets were hard to find
but lower priced aluminum^ new inventions, and technological
advances continued to open new fields for the wonder metal
as it was often called. Today it would be impossible to
list all the uses of alumintim» A few of its important uses
-28-
€Lre: In aircraft. In ships. In railroad cars, in transport
trucks, in internal combustion engines, in many types of
instruments and tools, in electric transmission wire, and
in aluminum foil as a preservative wrapping, and as an
insulator. Its use as a structural material in farm btiild-
Ings is recent, dating from the end of World War II. It is
a growing field, one whose potentialities are not being
overlooked by the aluminum industry.
During World War II the production of aluminum sheets
increased enomously to meet the demands of the aircraft
industry and the military forces. Figure 1 shows the magni
tude of the expansion by the altamintun Industry In this period.
At the war*s end large stocks of aluminum sheets were turned
back to the companies and further orders were cancelled.
The aluminum companies with these large stocks on hand, and
with Increased production capacity, faced the problem of
finding new markets for their product or cutting back produc
tion. The roofing and siding of fanni buildings presented a
large field in which aluminum could be used and a vigorous sales
campaign was directed toward this market. Early fam accep
tance was followed by unforeseen troubles, then sales resistance.
The aluBinum sheets rolled for the military forces during
the war were made as thin as possible without impairing their
serviceability. This was done to conserve aluminiim and to
reduce shipping space. They were Intended for use in barracks
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and other struotures In various parts of the world. The life
expectancy of these structures was short, and when they had
served their purpose they were expendable. However, on farm
buildings the opposite Is true* A metal roofing material Is
expected to serve satisfactorily for 10, 1$, or even 20
years. When roofing sheets manufactured to these military
standards were sold to the farmers trouble was inevitable.
Method of application proved to be one of the difficul
ties. It was assumed that what was satisfactory for steel
roofing would be satisfactory for aluminum. It was found
that aluminum sheets reqiilred careful handling to prevent
damage. The metal was not only more ductile, but more sub
ject to tearing. Figure 2 shows how nail heads pulled through
aluminum siding. Was this due to careless driving? Serious
wind damage has occurred. Was this due to insufficient
nailing, wrong nails, or too thin sheets? The required
specifications were not known.
It was assxamed that aluminum sheets 0.019 inches thick
would require 700 years to corrode when exposed to the atmos
phere, yet numerous unexplained cases of corrosion have been
reported. It was assumed that aluminum sheets 0»019 inches
thick placed over roof supports at a given spacing would
support the loads expected on the roof, but several of these
roofs have been punctured and ccmpletely ruined by severe
hail stoms. The type of sheet required for fann buildings
was not known.
^ ' /
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The research carried out at Iowa Agricultural Kxperlment
Station has been directed toward finding these answers. Boyd
and Robison have studied the withdrawal resistance of roofing
nails; Kunze studied the resistance of siluminuni sheets to
rupt\xre by nail heads; Pandya studied the effects of tempera
ture changes; Hodges worked on the lap requirements of coi»ru-
gated roofing. The concltislons reached by these workers is
covered in the review of literature. Their contributions
provide some answers where there were none before. This pro
ject is an attempt to detemine some of the flexural proper
ties of corrugated aluminum roofing. These properties are
not known at present and must be known before any method of
application can be recommended with confidence.
E. W. Walpole
Project 1011
Jxihe 23, 1952
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Preliminary Tests
Preliminary tests were undertaken to determine the prob
able action of the corrugated aluminum roofing under load, to
check the feasibility of the ^opsed tests, to point out neces
sary changes in equipment end procedure, and to gain practice
in the use of electric strain gages and the recording Instru
ment.
A Test panel was constructed by nailing a strip of cor
rugated almlnum over four roof supports# The roofing material
was 0,019 " thick with four corrugations of 2.6?" pitch and
0.5" depth. The poof aupporti were 2" by Ii.". Douglaa Fir
placed 3* on centre. This provided continuous bending action
over three spans. The roofing was secured by two nails, one in
each outer corrugation. In each roof support. During nailing
the corrugated aluminum was restrained to its original width
of 10.67". Careful driving of the nails was necessary to pre
vent flattening of the outer corrugations.
Fourteen type A-1 electric strain gages were installed
and numbered as shown In Fig. . Gages 7, 8, and 9 were placed
on the bottom of the corrugated aluminum; all other gages were
placed on liie top surffice. All gages were placed at extreme
outer fibers In order to measure maximum strains. Preparation
of the surface consisted of scrubbing with fine steel wool,
wiping clean with a cloth, cleaning with a clean cloth soaked
with acetons. The strain gages were cemented to the cleansed
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surface with Duco Cement, and held In place with sponge ruhber
and a weight imtll the glue had set. Some difficulty was en
countered when the strain gages moved slightly as pressure was
applied to the sponge -rubber. This movement could not be de
tected until the sponge rubber was removed. In no case was
the movement considered sufficient to jeopardize any of the
objectives of the preliminary test. However, it was agreed
that in the final tests, the strain gages should be glued, then
secured with scotch tape in the exact location required before
the sponge rubber and weight are applied. The tape does not
affect the action of the strain gages and can be left in place.
Lead wires of #18 gage solid copper insulated with varnish
and a cotton wrapping were soldered to the strain gage leads.
At ^proximately 6** from the gage the lead wires were fastened
to the panel with scotch tape. The purpose of this was to
prevent erratic strain readings due to tension in the lead wires.
The care with which these wires must be handled, the large num
ber of times they must be connected to and disconnected from
the recording instrument, and the management problem presented
by 28 wires hanging from the panel, showed the need for a
switch box to which all the leads could be attached. This would
allow readings to be made by switching each strain gage in turn
to the recording instrument, thus eliminating the handling of
wires. Unfortunately the switch was not available for the pre
liminary test.
The reason for using such a large number (llj.) of strain
gages on the test panel was to get as complete a picture as
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posslble of the distribution of strains throu^out the panel.
This Information was valuable in detemining the number and
location of strain gages for the final tests. Gage number
ll\. was placed half way between the point of load application
and the near edge of the adjacent roof support. It*s purpose
was to determine whether the action of the corrugation under
load was typical flexural action or whether at some point In
the loading plate action occurred. As long as the loading
was resisted by flexural action the strains measured at gage
number ll|. would be compressive strains. If p^ate action oc
curred the entire section would be under tension.
For loading the test panel was carefully levelled on a
supporting wood framework. Loads were applied at the centre
of the centre span using lead weights suspended on a sling.
The load was transmitted to the corrugated aluminum by means
of a 1" diameter pipe. A pipe was used for this purpose is
preference avoid excessive crushing of the relatively soft
aluminjoza at the point of bearing. The pipe provided theoreti
cal knife edge contact at no load and as the load increased
the contact area automatically increased as required without
damaging the corrugations. The photograph in Fig. shows
the test panel at the time of testing.
Prior to loading all the strain gages were balanced with
the compensating gage and the exact instrument setting record
ed. The compensating gage was mounted on a piece of scrap
flViminiim of the Same thickness and with corrugations the same
size as those on the test panel. The leads from the compen
sating gage were made the same length as those from the active
gages. The primary purpose of the compensating gage was to
-38-
ellmlnate temperattire effect on strain readings. Being placed
on identical material with that being tested, both the active
and compensating gages should be affected Identically by tem
perature changes. Hence any differences in strain indicated
by the measuring instrument during the test is a direct measure
of the strain in the active gage, the actual strain for a given
load being the difference between the final instriiment reading
and the Initial or balancing instrument reading.
Loads were applied in 20 pound increments. The weight
of the sling was 12 pounds and the lead weights were in 10
pound -units. Consequently loads recorded were: 22, i^2, 62,
etc. The readings obtained are shown In table • Loads were
increased to 1(2 pounds, reduced to zero, then increased till the
yield point was reached.
Observations and Calculations
An inspection of the recorded strains in table shows
that the outer corrugations were not strained as much as the
Inner corrugations. This was due to flattening of the outer
corrugations idileh became obclous by visual Inspection. For
this reason the strains measured in the outer corrugations over
supports were rejected as not typical. In the strain dia
gram shown in Pig* the values at each position were derived
as follows:
Position Value Hsed
1 Gage No. 1
2 Qage No* 2
3 Average of Gages No. if. and $
Average of Gages No. 11 and 12
Gage No. ll;
Average of Gages Ho* 7$ 6, and 9
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The strain diagram shows a slightly curved relationship
whereas the theory of flexure indicates that a straight line
relationship should exist- It must be pointed out that value
at positions 2 a»i 5 were the readings of single strain gages,
not averages or were the values at other positions, and^hat
this was a single test* It did Indicate that tension was ex
pected, and compression where compression expected. On this
basis it is a conservative assumption to assume that this pro
blem can be anallzed using the theory of flexure.
Pig. shows the load-strain curves for strain values at
postions 3, If, and 6 in the strain diagram. The stral^t line
portion of these curves indicates the elastic action of the
corrugated aluminum up to the yeild point.
a?he Section Modulus for the section was calculated by the
formula:
s . • pj; •
4^ (e^ / 62
y^eve S 9 Section Modulus - in-
P = Total Load - lbs.
L s Clear Length between supports - In.
E = Modulus of Elasticity - p.s.l.
ej_= Unit strain under the load - In. per In.
©2= Unit strain at edge of support in centre
span - in- per in.
Vales obtained for each loading below the elastic limit
were:
22 lbs. - S s 0.0258
lbs. - S - 0.02514-
62 lbs. - S = 0.0251
Average S z 0.0251;
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Maxlmimi strains were registered at the point of applicat
ion of load. Maximum unit strain measured was 2000 micro-
Inches per inch. This was beyond the yield point of the alumi
num.
Conclusions
(1) The action of corrugated aluminum sheets under load
can be analized using the theory of flexure.
(2) Strain gages must be carefully placed and held in
position until the cement is set.
(3) Lead wires should taped rigidly near the strain gages
to eliminate erratic strains.
(l\.) A switch panel should be used to eliminate the hand
ling of individual leads.
(5) Strains are reasonably constant across interior cor-
rugations at that section*
(6) Outer corrugations are not strained as much as inn^P
corrugations- Wider panels were used in the final tests to
minimize these edge effects.
(7) Five strain gages are sufficient to plot the strain
diagrams for the final tests. These are located as follows:
(1) At inner edge of one end roof support.
(2) and (3) At both edges of one inner roof support.
(1|.) At point of loading of one end span.
(5) At point of loading of centre span.
Table Strains Measured in Preliminary Tests
Gage Number
micrO'*Inches per inch
20 0 0 0 0 0 0 0
22 0 120 170 220 2li.O 110 ii.90
10 215 320 kio l|10 220 9k0
0 0 0 0 0 0 0 0
22 15 100 1U5 215 220 110 1^70
k2 20 170 275 385 385 210 890
62 25 230 395 555 565 320 1285
82 35 300 570 795 770 395 181+0
8 10 11 12 13 Ik
0 0 0 0 0 0 0 N.R.
22 550 520 210 190 180 160 N.R.
i|2 985 930 ^^.10 390 365 330 N.R.
0 0 0 0 0 0 0 0
22 51^-0 510 170 175 150 155 100
k2 985 9U5 360 370 360 3l;5 200
&2 ii|.5o 11|40 530 560 565 535 285
82 2000. 1865 770 935 785 635 350
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Progresa Report No- 12
Aluminum as a Roofing Material
A roof consists of a framework which supports some type
of roofing material. Different types of roofing materials
require different types of framework for support. In all
cases the function of the roofing material is to exclude the
weather - rain, snow, wind and sometimes the outside tempera
ture - from the interior of the structure in order to protect
the animals, equipment, or produce stored within the structure.
Dale ( ) has enumerated the desired features of an ideal
roofing material and has shown how closely aluminum roofing
can approach this ideal.
1. Resistance to fire: aluminum roofing will pre
vent fire caused by sparks; it will not burn unless heat
ed to extremely high temperatures; when securely ground
ed— it offers ample protection from lightning.
2. Structural adaptability and stability; being
of light weight material corrugated aluminum sheets do
not require as heavy framing as Is needed by mcst roof
ing materials, '-i-'here are some complaints that aluminum
roofing is sometimes difficult to hold In place xmder
windy conditions. Of course all roofing materials
must be securely anchored and aluminum is no e.xception.
In many cases wind damage can be blamed on too few nails#
In others too short a nail was used In applying alximinum
over old, weather decayed shingles.
-k3'
3. Resistance to water and the passage of water
vapors: alTiininuiii is impervious to water or water vapor.
I|.. Ease of application; aluminvmi roofing can be
laid without skilled labor with regular carpenter's tools.
5» Low first cost, low maintenance expense, and
long life: aluminum roofing cost very little more than
most other roofing materials and is lower in cost then
some.-——Aluminum roofing has a low maintenance cost.
It requires no painting to protect it from corrosion and
it does not rust. As for long life it may outlast the
useful life of the burllding itself.
6. Insulating properties: aluminum roofing, due
to its high reflective value, probably has more insula
ting value than any other roofing material.-—--aluitii-
num covered buildings are cooler in the summer than
buildings covered with other types of materials.
7» Good appearance: a well-laid aluminum roof has
a good appearance which will last indefinitely#
Prom the fore-going quotation it is evident that alimii-
num can be a very satisfactory roofing material if fabricated
in the most satisfactory form and applied in a satisfactory
manner. This research provides some of the answers which are
required before these objectives can be reached.
-kh-
Economics of Aluminum Roofing
The cost of a roof is of interest to any builder. If
there is a decided advantage in favor of any one type of roof
construction, that type of constmaction'^ onducted an investi
gation of the cost of roofing farm buildings in Iowa. In
obtaining the overall cost he considered the cost of the roof
deck, roofing materials, roofing nails, sheathing nails, and
labor. The only aluuninum considered in this work was 26 gage
corrugated aluminum roofing. I'he results obtained for this
roofing are of interest and are shown in the following table#
Table
Roof Deck
Type
Solid
2x1^. - 12"oc.
2x1^.-18" oc.
2xli.-2ij." oc.
Breakdown of roof cost per square.
Roofing and
Roofing nails
Roof deck, Sheathing
Nails, and Labor
Dollars % ofTotaJ Dollars of Total
11.51
11.51
11.51
11-51
35.1
14-7.1
59.2
21.27
12.914.
9.63
7.93
6I4..9
52.9
i|.5.6
•^'otal
Cost
Dollars
32.78
21^.1^5
21.1I^
19.U4.
The preceding table shows that while the percentage of
total cost attributed to the roofing material increases the
total cost of the roof decreases. In fact the only rocf lower
in total cost than aluminum over 2x1}. roof supports on 2l|."
centres was corrugated steel over the same roof deck. As
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stated previously the longer life expectancy and lower main
tenance costs of the aluminum roofing may make the corrugated
aluminum roofing a more economical roof over a period of years*
Table also indicates that a heavier gage aluminiun which
could be placed over roof supports 3 feet or even feet apart
would probably not cost more than the 26 gage aliiminum over
roof supports 2 feet apart* The saving in roof decking would
offset the increased cost of the aluiminiam roofing. The heavier
gage roofing would provide ttie following advantages#
1. Stronger sheets would be less subject to physical
damage by livestock and machinery.
2« Stronger sheets would be less subject to damage
in handling, could be handled more rapidly and thus
save labor.
Thicker sheets would net be ruptured easily by nail
heads, hence they would be less susceptible to
wind damage.
Greater thickness would provide added resistance to
corrosion.
Sale of heavier sheets would benefit the manufacturer
of aluminum who is not interested in selling lumber
for the roof deck.
E» W, Walpole
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Progress Report No. 13
The Investigation
Oblectlves
This investigation was conducted to reach the following
objectives:
!• To determine the flexural properties of the
cormigated aluminum roofing sheets which are available^
2» To determine the amount of restraint provided
by nailing the roofing to 2 x 1^. roof supports.
3* To determine the maximum safe spacing of roof
supports with each type of corrugation.
1^.* To secure information which will indicate which
type of roofing is to be preferred for use on farm
buildings.
To secure information which, when combined with
the results of other investigations, will mdce it possible
to recommend a method of application for aluminum roofing
based on facts*
E* W« Walpole
Project 1011
July Ik, 1952
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Progress Report No. ll^.
Analysis of •*=''opce3 on Aiunilnxjm Roofing
Corrugated aluminum roofing, when applied to barns, Is
commonly fastened to 2 x Inch roof supports, ^he recommend
ed spacing of these supports varies with the gage of the alum
inum, the pitch and depth of the corrugations, and the design
loads on the roofing* -^he size of the roof supports, 2x1^
Inch, Is the smallest standard size of lumber which provides
STifflclent rigidity between rafters and sufficient depth of
penetration for nailing. The fasteners used are generally roof
ing nails of varying holding capacities.
The forces applied to the roof when in place are (1) the
wel^t of the roofing itself, (2) snow loads, (3) wind loads,
{1|.) thermal expansion and contraction stresses. Of these (1)
is negligible being In the range of 0*5 p*s.f., (2) varies with
climatic regions and may reach [4.0 p.s.f. on relatively flat
roofs In areas of heavy snowfall, (3) Is most critical when
negative wind pressures are considered. These may reach 70
p.s.f. (ij.) is not critical. Pandya {/^) found that dimensional
changes due to temperature changes may cause the roofing nails
to bend a little, but not enough to cause buckling.
In this work it is assumed that aluminum roofing should
be designed to withstand a positive pressure of $0 p.s.f. and
that sufficient nails should be used to hold the roofing se
curely in place when exposed to a negative pressure of 70 p*s.f«
-k6-
Materials '^ested
Pour different types of corrugated aluminum roofing were tested*
These were given code numbers as shown In the table below.
Table I,Code Number end Dlscrlption of Corrugation -
Code Thickness Corrugation
of Sheet Depth Pitch
Inches Inches Inches
1 0.019 0.375 1.26
2 0,019 O.SOO 2.67
3 0.021^. 0.500 2.67
k 0.032 0.875 2.67
An attempt was made to secure all these sheets In the
same alloy and temper. This attempt was not successful.
Correspondence with the ^luminum Company of American (3) revealed
that the material 0.019 inch and 0.02l|. Inch thick was alloy
Alclad XB16S-P having a yield strength of 35»000 p.s.i. and
an ultimate strength of 37,000 p.s^i. Material 0.032 inches
thick was alloy Alclad I4S-HI6 with a yield strength of 35,000
p.s.i. and an ultimate strength of ^.0,000 p.e.l. '^ "hese values
are the specified mlnlmums to which the mill works for these
particular alloys.
-1^9-
-rAtrtmrgtOT"
To achieve the objectives of this study panels were con
structed In which the corrugated elumlnuin extended continuously
over three equal apans. "^^e purpose of thlr w^s to simulate
the actual conditions of a roofi and to determine the continuous
action in bending. Three spans were used because the centre
span would be typical of all spans In which the roofing was
continuous over the supports, md the and spans would be typical
of all end spens In an actual roof#
Three different spcn lengthe were used In order to deter
mine the degree of restrrlnt offered by 'supports at rarlous
spacing and to aid In determinip-g the maximum safe speclng of
supports for the various corrugttions. "The actuel speclns used
was 1 foot, 2 feet, and 3 feet centrc to centre# A simplified
ncBienclature was adopted describing the panels by corrugEtion
number from Table 2 and span length of roof supports. Thus
Panel 3-2 refers to corrugation 3 (0»02ij. Inches thick,
Inches depth, 2.6? Inches pitch) placed over roof supports 2
feet on centre.
In testing, equal concentrated loads were applied at the
center of each span and unit strains and delSDOtlons were re
corded# Concentrated loads were used because of their ease of
application and control. Tlnlt strains wore meesured by electri
cal strain gages and Indlostlng equipment \Aiich were available
in the Agricultural Engineering Department# ^ype A-1 SR-ii. strain
gages were used# ^e Indicating Instrument was an ER-U Model
"K" Portable Strain Indicator manufactured by the Beldwln Loco
motive Works, Philadelphia, Pa. This equipment is very sen
sitive and extranely accurate# Unit strains are measured in
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mlcro-inches per inch. There is no reason to doubt the accuracy
or reliability of the instruments. However, there is a poss
ibility of measuring false strains from gages damaged during
or after attachment to the teat panels sind from gages not
thoroughly cemented to the panel. It is impossible to tell in
all cases whether a strain gage is perfectly attached. However,
great care was taken, and any gages which appeared not com
pletely cemented to the aluminum, and any gages Uhlch were sus
pected of being damaged were replaced before testing.
in the final tests the lead wires were routed throu^ a
Twelve Channel SR-l^ Bridge Balancing Unit, also manufactured
by the Baldwin Locomotive Works. This greatly simplified the
work by eliminating the necessity of handling each pair of leads
from each strain gage individiaally for every reading.
Loads were applied by the use of the Buffalo Scale. The
arrangement used la shown by photograph and drawings in Plg« 7
and "^ ig. 8. "^^ ig* 7 shows one replication o f panel 3-2 under
test. "^ '^ig. 8 shows the essential data of the linkage which
applied equal loads at the centre of each span. The linkage
was made adjustable so no dismantling was necessary to test
panels of different span lengths. Approximately 12 pounds of
balancing weight were required on the top (2x8) member. This
wei^t was in the fom of two stell-TJ's which could be moved
to achieve balance. It was found that by varying the position
of these weights the linkage could be balanced for any of the
three span lengths, cpmp3abe weight of the linkage was
50 pounds.
De£lections were measured by two dial gages placed in
center and end spans. The deal gages were calibrated in
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In thousandths of an inch and had a range of 1*000 inch*
Statistical Planning
Dr. Bernard Ostle of the Department of Statistics, Iowa
State College, was consulted to set up the experiment on a sound
statistical basis* ^e following plan was adopted*
Variables consisted of i|. different corrugations and 3
different span lengths, making a total of 12 combinations,
A minimum of k. replications was recoinraended wMch meant that
a total of 1^8 panels were tested* In the interests of economy
in the use of l^ber 2^ panels were constructed, representing
2 of each combination* After these panels were tested the
aluminum was removed and new aluminum applied. In this way
each frame was used twice, '- '^he panels were numbered l-2i|, and
ZS-kBf in such a way that panels 1, 2, 25* and 26 were the I|.
replications of one combination*
^e panels were randomized In each lot of 2i|. end tested
in the random order* The purpose of randomization was to
minimize the effects of Improved technique and other unforseen
irregularities, '-^-'he actual order of testing was: 21, 1?, 16,
1, 9, 1|., If 15, 23, 10, lU, 5, 2ki ^ 18, 8, 3, 20, 22, 13, 12,
19, 6, 11, and 26, 39, 1^2, 1^.3, kB, 37, 35, 31, 25, 30, 1^5, 1^,
33, 28, k-O, 1|6, 314., 27, 32, 36, 29, 36, I|.7, kX*
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Flnal Procedure
In the final test panels the aluminum sheets were made
15 corrugations of 1.26 inches {18.9 Inches) wide and 7 corrugations
of 2.67 (18.7 inches) wide. This was In accordance with the
results of the preliminary test. Strain gages were carefully
attached at the previously located positions. '-Che gages were
all kept at one end of the panel to facilitate the gathering
of wires to one end where the indicating instriament was located,
and to eliminate the use of very long leads, - '^he loading being
symetrical, no advantage was seen in having strain gages on both
halves cf the panel.
In testing the panels were placed alumlnm down under the
scale. Two 2 x Ij.* s were carefully positioned and secured on
the floor under the scale, ^ey served as guides In centering
the panels for the test and prevented the alumintaa from touching
the floor which would have damaged the strain gages, '-^he panel
was positioned and blocked to prevent movement. The pipes were
pieced in position for loading, and a small amount of load
applied. The dial gages were installed. Lead wires were con
nected to the Instrument. '**"fter a final check of the position
of the panel, the position of the pipes at span centres, the
functioning of the dial gages, and the fimctlonlng of all the
strain gages, the load on the scale was reduced to 50 pounds
and Innitlal readings were recorded for the dial gages and
strain gages.
Loads were Increased In increments of 60 pounds (three
equal loads of 20 pounds) 120 pounds, or 2l|.0 pounds, depending
on the total load capacity of the panel. It was attempted to
have at least $ Increments and not more than 10 Increments for
each panel. Loads were Increased tintll a unit strain of
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approxlmately 300Q mlcro-inchea per Inch was indicated or until
the total load was 1920 pounds onliie panel. Unit strains were
proportional to the load Increments In the lower range. That
made it relatively easy to choose the correct weight to reach
the desired stain in the required number of increments.
In all cases the weight shown by the sale was 50 pounds
more than the actual weight acting on the panel, ^hat difference
represented the weight of the linkage. Hence, to apply 120
pounds to the panel, 170 pounds was set on the scale, and the
load increased until the scale balanced at 170 lbs#
TTnlt strains were recorded from five positions on the sheet,
and deflection of the center and end spans, at each Increment
of load.
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